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GEOMAGNETIC AND CURRENT CONTROL OF 
E-REGION ABSORPTION 


J. E. SHAW 


lonospheric Prediction Service, Department of the Interior, Miller's Point, Sydney, N.S.W. 


(Received 20 June 1959) 

Abstract—Seasonal variations of ionospheric absorption are studied from the mid-day routine 
tabulations of the parameter f,,,., from eighteen ionospheric stations. A quantity, B Cees Eile 
is defined and its variations in both geographic and geomagnetic latitudes are studied. It is 
shown that the value of B varies about a steady value, the amplitude and sense of the variation 
being related to the intensity of the current in the §, current system and the latitude of the 
station. A lunar semi-diurnal variation in the quantity B is found for Kihei. The ratio of the 
solar and lunar variations in B is found to compare favourably with the ratio of the total 
currents in the § , and lunar current systems. 

A recent model of the E-layer is used to define the upper and lower limits of the absorbing 
region, and it is concluded that the absorbing region occupies the whole of the dynamo-current 
region below the reflection height of the exploring waves. 

The control of the absorption process is related to the vertical drift of neutral ionisation 
resulting from east-west current flow. A mechanism is proposed in which the scale size of 
scattering irregularities in the E-layer is changed by the direction and velocity of the vertical 
drift of ionisation. 

A number of observed absorption effects are discussed and it is shown that the theory 
describes the qualitative behaviour observed in these effects. Reference is made to the likely 
importance of the process of control of absorption in the auroral zones. 


1. INTRODUCTION 
Measurements of ionospheric absorption of 
short radio waves have been made at a number 
of places on the earth during the past 20 years. 
Of these those made at Slough since 1935 have 
been analysed by Appleton and Piggott” 
These authors derive the relationship 


More recently, it has been shown by White- 
head that the absorption values obtained at 
Slough on frequencies of 2 Mc/s and 4 Mc/s 
can be better described by the relationship 


—log p=C+B(f+f,) (2) 


where 
(a) C varies through the seasons with solar 


A(f+fi* (1) zenith angle y. 


—log p- 
(b) C does not alter appreciably with the 


to describe the absorption, where p is the effec- 
P { epoch of the solar cycle 


tive ionospheric reflection coefficient, f, is the 
longitudinal gyro-magnetic frequency, A is a (c) 
constant at the time of observation and f is the 
observing frequency (not too near the critical (d) 
frequency of any region under observation) 
The observations showed that the relation 
did not hold in winter and it was suggested that 


B seems to depend mainly on the sea- 
son and not in any obvious way on ) 
Winter variations in absorption are 
described largely by variations in B 
In this paper it is shown that world wide 
variations in absorption, apart from those 


the anomaly was connected with the behaviour 
of the D-region at low values of solar zenith 
angle. 


directly dependent on the solar zenith angle x, 
are controlled by the current density of the 
quiet solar and lunar semi-diurnal current sys- 


tems. In particular, for absorption measure- 
ments made by means of reflections from the 
E-region, the variations are proportional to the 
current intensity below the reflection level. Re- 
sults obtained during the analysis, together 
with experimental observations made in many 
parts of the world, suggest that absorption is 
further controlled by the strength of the S, 
and D,, currents in the ionosphere. The physi- 
cal effect is interpreted in terms of the control 
of scattering phenomena in the lower F-region 
by means of the vertical drift of neutral ionisa- 
tion. Some deductions are made regarding the 
importance of this effect in auroral regions. 


2. THE EXPERIMENTAL DATA 

The parameter f,,,.. has been used through- 
out the analysis. Since July 1957, this para- 
meter has been regularly tabulated at a num- 
ber of ionspheric stations. f,... is defined as the 
minimum frequency at which an echo is 
received from any of the ionospheric layers 
under observation for pulses at vertical inci- 
dence. Because the analysis has been confined 
to values of f,.. determined at the hours 1100, 
1200, 1300, local time, it can be assumed that 
the absorption measured is that of pulses re- 
flected at the F-layer. Occasional solar flare 
occurrences produce values of f,... greater than 
the critical frequency of the E-layer and w here 
this has occurred, the value has been reduced 
to a value below the E-layer critical frequency 

The measure of absorption so obtained 
depends on a number of factors. These are: 

(a) Those peculiar to the equipment 

(b) The intensity and type of man-made 

interference in the locality. 

(c) The intensity and frequency range of 

noise received from atmospherics 

(d) The energy loss of the wave in travel- 

ling through the D- and E-regions 

(e) The energy loss associated with reflec- 

tion conditions in the E-layer. 

Reliable intercomparison of measurements at 
one station or at separate stations is made diffi- 
cult by the operation of the factors (a), (b) 
and (c) listed above. However the analysis has 
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been designed to minimise these effects and 
shows that there is sufficient consistency in the 
mean behaviour to provide valuable evidence 
on the physical processes involved. The effect 
of each of these factors on the analysis will be 
discussed briefly 

(a) At the eighteen observatories whose 
published results have been used, a number of 
ionosondes of varied design and power output 
are operating. In spite of this, the conditions 
of overall sensitivity which provide the best 
routine jonograms have been standardised 
within certain limits; a fact which may be 
expected to provide some consistency in the 
observed changes in absorption at each station 

(b) Transmission on the medium wave 
broadcast band at frequencies below 1:6 Mc/s, 
provides the most serious source of interfer- 
ence at most sites. f,.. for the midday hours 
is normally well above this frequency except 
at the higher latitude stations, where fortunately 
this source of interference has been largely 
avoided 

(c) Atmospherics will most seriously affect 
measurements at some tropical sites where the 
equipment uses receivers with long time con- 
stant automatic gain control. For the purposes 
of this analysis the effect is not serious 

(d) Non-deviative absorption of waves 
passing through a Chapman-like D-region will 
be dependent on the solar zenith angle y. An 
expression of the form A=C (cos ,)" has been 
used to describe the variations of the E-layer 
maximum ionisation density as well as the 
variations of D-layer maximum ionisation den- 
sity. Various values of the exponent nm have 
been determined and it has been assumed in 
this analysis that m has approximately the same 
value for the D- and F-regions. The variations 
of the non-deviative absorption in the D-region 
have been normalised by using the ratio 


: f,E. (3) 


A study of the variations in B will then be 
largely independent of the seasonal variations 
of the non-deviative absorption in the D-region 
These variations are included by Whitehead in 
the quantity C of equation (2). 


2 
> 
a 
= 


GEOMAGNETIC AND CURRENT CONTROL OF E-REGION ABSORPTION 


Table 1. Monthly Mean Values of B (1957 - 1958). 


Mean WINTER EQUINOX SUMMER 
Geographic 


Geo- 


magnetic 
and Geo Dec Jan Jun. 


Latitude Sept Mar 
magnetic Jun Jul. Dec. 


Geographic 
Latitude 


Station 


Baguio 16°4 50 10-7 0-67 0-69 OR? 0-80 0-77 
Panama 9-4 20-7 15-7 0-65 0-66 0-79 0°71 0°63 
Okinawa 20°8 0-76 O84 0-84 0-81 
Kihei 20°8 20-9 0:64 063 0-78 0-69 0°80 
San Juan 18:4 0-0 24:2 0°72 0°75 0-72 0-77 
Johannesburg 26:2 270 26°6 0-64 0-69 0-71 0-72 
Tokyo 35-7 25°5 30°6 0-90 0°76 
Brisbane 27°5 31°6 0-84 

Capetown 34°2 33°6 0°64 0°63 
Wathcroo 36-0 0-70 0-55 
White Sands 23 36-9 0-71 0-65 
Canberra 3 39-7 5 0-58 0-69 
San Francisco 5 40°6 5 5 0-69 5 0-65 
Washington 7 444 0-68 0-69 
Christchurch 5 458 8 0-59 2 0°64 
Slough 5 §2-9 5 0-43 0-35 
Moscow 5 53-4 5 O51 ? 031 
Kieller 60-0 0-54 2 0°36 


{e) Deviative absorption at reflection in the 3. WINTER VARIATIONS IN B 
E-region may be considered negligible for most Winter values of the monthly mean B have 
of the f... values used, because they are well been plotted against the three sets of latitude 
below the E-layer critical frequency. Where coordinates listed in Table | and the result is 
high values of f,,.. occur, they have been limited shown in Fig. l(a), l(b) and l(c). An inspec- 
to 0-9 (f,F) in the analysis tion of Fig. | shows that the B-values appear 


Winter 1957-1958 


re} 
lol. 


jatitude 


Mean of geographic and geomogneti 
w 


Geographic latitude 
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Fig. 1. Winter distribution of monthly mean B in (a) geographic latitude. (b) geomagnetic latitude. 
(c) mean of geographic and geomagnetic latitudes. Legend: O December 1957, June 1958. @ January 
1958, July 1958. 
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in two main groups, whose centres have been 
marked approximately by the heavy lines 
B=0°68 and B=0°54. The overlap in the 
groups around geographic latitude 35 degrees 
is removed when the points are presented in 
geomagnetic latitude (Fig. 1b), indicating that 
there is some degree of geomagnetic control of 
B. This separation at latitude 35 degrees is 
maintained when the mean of the geographic 
and geomagnetic latitudes is used 

If the discontinuity near latitude 35 degrees 
is identified with the focal point of the § 


increased. Using this assumption the value 
B=0-61 has been taken to represent the “no 
current” value of B and has been indicated in 
the figures by a dashed line. 


4. EQUINOCTIAL AND SUMMER 
VARIATIONS IN B 


If now the equinoctial and summer variations 
are examined in Figs. 2 and 3, they are shown 
to be consistent with the assumption made 
above. At geomagnetic latitudes less than 30 


Equinox 1957-1958 


B-0-46 


b 
8 


8 


Geomognetic lotitude 


8=0-75 


Meon of geographic and geomagnetic lot. 


! 
8=0-6! 


8 


03 O04 O5 O8 


B= fan 


current system in the ionosphere, the behaviour 
of B on either side of this latitude is just what 
would be expected if B depended on the direc- 
tion of current flow in the S, system. Now the 
B-values used have been obtained from the 
midday hours and following Chapman and 
Bartels, it is noted that at this time of day 
the current in latitudes greater than 40 degrees 
has a major westerly component, while the 
current in latitudes less than 30 degrees has a 
major easterly component. It has therefore 
been assumed that B is reduced by the pre- 
sence of a westerly component of the S, cur- 
rent flowing transversely to the horizontal 
component of the earth’s magnetic field. For 
an easterly component of current flow, B is 


O58 06 O7 0-8 
fain 
Fig. 2. Equinoctial distribution of monthly mean B in (a) geomagnetic latitude. 


(b) mean of geo- graphic and geomagnetic latitudes. Legend: O September 1957. 
@ March 1958. 


degrees, B is increased in the sense which would 
be expected from the seasonal increase of cur- 
rent intensity in the S, system, while at geo- 
magnetic latitudes greater than 50 degrees, B 
is decreased. Between latitudes 30 degrees and 
50 degrees there is a group of B-values which 
cluster about the “no current” line B=0-61. 
This grouping is better defined in Figs. 2(b) and 
3(b), and is consistent with the equinoctial and 
summer variability in the latitude of the S, 
current focus as shown by Hasegawa. The 
mean values of the groups of B-values for 
equinox have been indicated approximately by 
heavy lines B=0-75 and B=0-46. For summer, 
the corresponding values are B=0-78 and 
B=0°34. 
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Fig. 3. Summer distribution of monthly mean B in (a) geomagnetic latitude. 


(b) mean of geographic and geomagnetic latitudes. 


1957. O June 1958. 


5. LUNAR VARIATIONS IN B 

The magnitude of the variations in B which 
have been assumed to be caused by the §S, 
dynamo system, suggests that it should be 
possible to find a lunar variation in B using 
the results of observations made over a long 
period at one station. Appleton and Beynon’ 
have reported a lunar semi-diurnal tide in ab- 
sorption measurements made at Slough (geo- 
magnetic latitude 54:3 degrees). A station in 
low latitudes (Kihei, geomagnetic latitude 20-9 
degrees) was chosen so that the phase of the 
lunar tide, if found, could be compared with 
that at Slough. 

Hourly values of f... for 1200 hr and 1300 
hr, taken from 26 months of observations from 
January 1956 to June 1958, were used. B was 
determined for each hourly value using the 
monthly median value of f,E. The following 
analysis was then carried out separately for 
values obtained at 1200 and 1300 hr. 

Daily values of B were arranged in columns 
of 29 and 30 alternately, to give a mean value 
of 29°5 days or one lunation. Thirty lunations 
were completed with the data in this way. The 
10 international quiet days for each month were 
then chosen and the mean B for each row in 
the array was obtained for quiet days and the 
remaining days. The 29 quiet-day means were 


Legend : O December 


then divided into two groups of fourteen and 
fifteen values, each group covering approxi- 
mately one cycle of a semi-diurnal oscillation. 
These two columns were placed next to each 
other and next to two columns obtained from 
the quiet-day values at 1300 hr in the same 
way. The phase of the 1300 hr values was 
retarded by one day relative to the 1200 hr 
values to compensate for the phase difference 
between the hours of observation. There re- 
sulted four columns of values representing 
15)/14°75 radians of any semi-diurnal 
tidal oscillation present. The fifteen means ob- 
tained from these columns are plotted in Fig 
4(a). The analysis was repeated for the remain- 
ing days and the results are plotted in Fig. 4(b) 

A semi-diurnal oscillation is apparent in the 
analysis for quiet days. The sinoidal curve 
which has been fitted approximately, shows an 
amplitude in B of 0-025 with maximum ab- 
sorption at about 0300 lunar hr and minimum 
absorption at 0900 lunar hr. The phase of this 
variation differs from that at Slough by 
approximately 8 lunar hr and provides strong 
evidence that the lunar semi-diurnal variations 
in absorption are dependent on the current in- 
tensity in the lunar current system. 

The results of the analysis for all days minus 
quiet days are confused and this would be 


5 
| 
| 
Bl | | 
lo | 
if 
10° — 
0304 O68 OF O8 03 04 
t 


ont > | en quiet doys 
> 
O67} 
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O63) + 
C = 


234567 


Lunor hours 


Fig. 4. Semi-diurnal lunar oscillation in B at Kihei, 
from 30 lunations. (a) Quiet days. (b) All! days 
minus quiet days. 
expected if the distribution of disturbance over 
the period of the analysis is uneven. There is 
a significant diflerence in the final means of the 
two sets of data: B=0-691 for the quiet days 
and B=0-68 for the remaining days. It is 


pointed out that this difference is consistent with 


Table 2. 
Winter 
uantity 

Q Value Ratio 
*Paviovsk (C1 +C2) 1-0 
4 B (55°) 0°07 10 
*Bombay (C1 3-2 
4 B(20°) 0-07 1-0 
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lunar current circuit, compared with 89,000 A in 
the summer S, current circuit. The correspond- 
ing ratio is 8-1: 1. The two ratios calculated 
are in fair agreement and if any difference in 
the height distribution of the solar and lunar 
currents exists, this may indicate that a larger 
proportion of the solar current flows below the 
reflection height in the E-layer. The results of a 
more refined series of absorption and magnetic 
measurements should provide valuable evidence 
on this point. 


6. THE AMPLITUDE OF THE S VARIATIONS 
IN B 
It will be assumed that the amplitude of the 
variations in B from the “no-current” value of 
0-61 is related to the east-west S$, intensity as 
follows 


AB=Dj, (4) 


where D is a constant and j, is the positive east- 
wards current intensity of S,. 

Insufficient magnetic data are available to the 
author to examine (4) fully, but the figures for 
the seasonal magnetic variations at two repre- 


Seasonal Variations in B and Sq: 


Equinox Summer 
Value Ratio Value Ratio 
21-0 2:8 25°6 3-4 
0-15 2:1 0-27 3-9 
30°3 40 30°7 41 
0-14 2:0 0°17 2-4 


* Cl and C2 are the amplitudes of the diurnal and semi-diurnal components of variation in 


the northward magnetic field. 


the depression in B which should result from 
the westward flowing D,, currents over Kihei. 

The amplitude of the lunar variation in B may 
be compared with the amplitude of the S, varia- 
tion in B at Kihei. It will be assumed that the 
lunar variation found is principally due to the 
summer currents and a comparison will be made 
with the summer variation of B from the “no 
current” value of 0°61. The ratio of the solar : 
lunar variation is 75:1. Now Chapman and 
Bartels’? give a total of 11,000 A in the summer 


sentative magnetic observatories will be used. 
These are Pavlovsk (magnetic latitude 56°) and 
Bombay (geomagnetic latitude 9-8°) and the 
figures quoted for the variations in the north 
component of the magnetic field in units of y, 
are those obtained by Schmidt and quoted in 
reference 3. 

Examination of Table 2 shows that the rela- 
tive seasonal changes in B are consistent with 
the relative seasonal changes in east-west cur- 
rent intensity in S, at high and low latitudes. It 
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is apparent, however, that the magnitude of the 
change in B for a given current flow is much less 
at latitude 20 degrees than at latitude 55 degrees. 
It must be assumed then, that a greater propor- 
tion of the total S, current flows below the E- 
region reflection level at latitude 55 degrees. 

Referring to the E-region model calculated by 
Houston? it is found that this behaviour is to be 
expected. In this model, the height of reflec- 
tion of a wave whose frequency is well below 
the critical frequency of the region varies only 
slightly for values of solar zenith angle ,<41 
degrees. For ,>41 degrees the height reflection 
increases rapidly with increase in y and it fol- 
lows that in all seasons, a greater proportion of 
the S, current intensity will flow below the E- 
region reflection height in high latitudes. Equa- 
tion (4) therefore becomes 

AB=Dz (x, (5) 
where z(y, /) gives the proportion of the total 
current intensity flowing below the reflection 
height in the E-region and is a function of solar 
zenith angle y and the height distribution of the 
S, current system. 

Kane’ has reported the results of rocket 
measurements at Fort Churchill, geographic 
latitude 58 degrees north. These measurements 
show that the electron collision frequencies in 
the 95 kilometer region are less by approxi- 
mately one third than the values due to Nico- 
let’. The effective conductivity below the E- 
region reflection heights may therefore be 
greater in high latitudes than in low latitudes. 
This would further increase the proportion of 
S, current flowing below E-region reflection 
heights and so modify the value of z(y, /) at 
any given latitude. 


7. THE MECHANISM OF ABSORPTION 
VARIATION 
To describe the variations in B, a mechanism 
is required which depends on the intensity of 
eastward and westward currents in the region 
of absorption. Baker and Martyn’ have shown 
that the vertical drift of neutral ionisation is 
controlled by the horizontal current density 
flowing transverse to the magnetic field in any 
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region of the ionosphere. It is proposed that the 
process must be explained in terms of this ver- 
tical motion of ionisation. 

From the phase of the B-variations at mid- 
day, it is evident that upward drift of ionisation 
results in an increase in absorption, while down- 
ward drift results in a decrease of absorption. 
Broad limits are set on the region in which the 
absorption takes place by the fact that Baker 
and Martyn have shown that the vertical mo- 
bility of ionisation becomes rapidly small below 
heights of 100 km except in the immediate vici- 
nity of the magnetic equator. The effective con- 
ductivity of the ionosphere for the dynamo cur- 
rents also becomes small, below this height, 
because of the increase in electron collision fre- 
quency. Further evidence on the position of the 
lower limit of the region is obtained from 
Houston’s model of the E-region. Consider the 
summer value of B at a latitude of 20°. If y=0 
and B=0-78, then the height of reflection from 
the E-region is 109km. Reference to Table 2 
shows that the equinoctial-summer variation of 
B is small at this latitude and also that 2 (y, h) 
is small below a height of 109km. It is con- 
cluded that the absorbing region begins at a 
height of approximately 100km and occupies 
the whole region in which the S, current system 
is flowing. 

Appleton and Lyon” and Kirkpatrick! 
have investigated the effects of vertical drift on 
the distribution of E-layer ionisation. In view 
of the work of these authors, it is unlikely that 
the changes in non-deviative absorption result- 
ing from distortion of the E-layer by vertical 
drift of ionisation will be sufficient to explain 
the observed changes in B. 

It is therefore proposed that the mechanism 
involves changes in the scattering behaviour of 
regions of non-uniform ionisation, accompanied 
by the normal non-deviative absorption pro- 
cesses. Booker''*'” has discussed the presence 
of turbulence in the ionosphere and its impor- 
tance in a number of scattering phenomena. 
His theory predicts that there exists a critical 
value of the scale size of scattering centres, 
A/4=, where A is the wavelength of the scattered 
radiation. This scale size represents the tran- 
sition from approximately omni-directional scat- 
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tering to a predominance of forward scattering. 
The relatively sharp change from absorption 
to reflection at the measured f,,;. frequency is 
now interpreted as a change of the scale size of 
the scattering centres through the critical value 
\/4=, as the frequency of the ionosonde changes 
through the fi... value. For frequencies where 
omni-directional scattering predominates, the 
absorption of a wave before and after reflection 
will be high. When the wave encounters mainly 
forward scattering on entry into the E-region 
and on emergence, the absorption wil! be much 
reduced 

The variations in B show that the absorption 
is controlled by the current intensity below the 
level of reflection. The scale of the irregulari- 
ties must therefore be changed by the vertical 
drift of ionisation. Martyn has discussed 
such a process to explain the behaviour of radio 
star scintillations and sporadic F-ionisation 


Following Martyn, when the ionisation is drift- 
ing upwards, any inhomogeneities in ionisation 
present will be maintained, the surface density 
of ionisation will be increased and the irregu- 
larity will move against the upward drift in a 


direction determined by the magnetic field, pro- 
vided that the rate of accumulation of ionisation 
due to drift is greater than the rate of loss of 
electrons by recombination. The motion is 
hydrodynamically unstable and the irregulari- 
ties of enhanced ionisation break up into smaller 
regions. It is this last process of breaking up 
which will control the scale size of the scatter- 
ing centres and hence determine the absorption 
behaviour of the region. The downward move- 
ment of the iregularities, though very slow in 
the 105km region, maintains the scattering 
medium below the level of reflection in the E- 
layer 

When the ionisation drift is downwards, the 
irregularities will move upwards through the 
reflection level because: 

(a) There is a rapid increase in the vertical 

ion mobility with height, 
(b) the S, current density increases rapidly 
with height and 

(c) there is no adequate source of ionisa- 
tion at the lower border of the E-layer. 

process will effectively reduce the 


This 


density of the scattering centres in the region 
below the reflection level and hence reduce the 
absorption of the reflected wave 


8. DISCUSSION 

The theory put forward in this paper gives 
a qualitative explanation of a number of fea- 
tures of ionospheric absorption which have 
not previously been explained. These will be 
discussed briefly. 

(a) Beynon and Davies" and others have 
remarked on the winter days of high absorp- 
tion in latitudes greater than 45 degrees. It is 
evident from Fig. | that high noon values of 
absorption will occur when there is no west- 
ward current in the §, system. The diurnal 
variation of absorption will show its greatest 
values when there are eastward currents flow- 
ing, whether their source be the S, current 
system or the S, current system. For these 
latitudes 2(y, h) will have its greatest values 
in winter. 

(b) Davies and Hage” have reported on 
the conflicting results obtained when absorp- 
tion is correlated with K index at noon and at 
midnight. At noon it is to be expected at 
Prince Rupert, that the S, current system in 
the E-region will be opposed in varying degrees 
by the S, current system. The resulting absorp- 
tion changes will therefore show poor correla- 
tion with the S, variations except when S, is 
much greater than S,. It is significant to the 
mechanism of the absorption process that 
these authors have remarked on the associa- 
tion of sporadic E with enhanced absorption 

(c) The occurrence, in association with 
visual auroral displays, of regions of high ab- 
sorption together with reflecting regions can be 
explained in terms of the distribution of cur- 
rents in the display 

(d) The behaviour of E-region absorption 
during solar flare occurrences should vary with 
latitude and with time of day. 

(e) The theory explains some features of 
the winter absorption curves obtained by Mitra 
and Shain” during observations of 18:3 Mc/s 
cosmic radio noise at Hornsby, Australia. 

(f) A combination of absorption and mag- 
netic measurements should give more accurate 
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quantitative information on the distribution of 
the S, and lunar current systems in the lower 
E-region. 


Acknowledgments—The author is indebted to Dr. 
D. F. Martyn for helpful discussion on the physical 
processes involved 


REFERENCES 


E. V. Appleton and W. R. Piccorr, J. Atmos. 
Terr. Phys. §, 141 (1954). 

J. D. Wurreneap, J. Atmos. Terr. Phys. 10, 12 
(1957). 

S. CHapmMan and J. Bartets, Geomagnetism 
Vol. I, p. 229. Oxford University Press (1951), 
M. Hasecawa, Proc. Imp. Acad. Tokyo 12, 88 
(1936). 

E. V. App_eTon and W. J. G. Beynon, Nature, 
Lond. 164, 308 (1949) 


R. E. Houston, Jr., J. Atmos. Terr. Phys. 12, 
225 (1958). 

J. A. Kane, J. Geophys. Res. 64, 133 (1959). 

M. NIco.et, Penn. State Univ., lonosph. Res. 
Lab. Memo 171 (1957) 

W. G. Baker and D., F. Martyn, Phil. Trans. 
A246, 281 (1953). 

E. V. Appceton and A. J. Lyon, Rep. Phys. Soc., 
Phys. lonosph, 20 (1955). 

C. B. Kirkpatrick, Aust. J. Sci. Res. Al, 423 
(1948). 

H. G. Booker, J. Geophys. Res. 61, 673 (1956). 
H. G. Booker, J. Atmos. Terr. Phys. 8, 204 
(1956). 

D. F. Martyn, Nature, Lond. 83, 1382 (1959). 
W. J. G. Beynon and K. Davies, Rep. Phys. Soc. 
Phys. lonosph. 40 (1955) 

K. Davies and E. L. Haaa, J. Atmos. Terr. Phys. 
6, 18 (1955). 

A. P. Mitra and C. A. Suan, J. Atmos. Terr. 
Phys. 4, 204 (1953). 


9 
6. 
7. 
8. 
10. 
11. 
12. 
13, 
> 
14, 
3 15. 
4. 16. 
5 17. ; 


Planet. Space Sci. Pergamon Press 1959. Vol. 2, pp. 10-16. Printed in Great Britain 


THE BOUND FREE CONTINUUM FOR C'* 


R. G. BREENE Jr.t 


Acrosciences Laboratory, Missile and Space Vehicles Department, General Electric Company, 
Philadelphia 24, Pennsylvania 


(Received 13 April 1959) 


Abstract—The wave functions for the ground state of carbon and the negative carbon ion are 
determined using The Coulomb potential for the free electron 
is then computed using the carbon wave function thus obtained, and the subsequent obtention 
The dipole length 
form of the matrix elements is then determined for the various desired values of the free 


our small variation program 
of the s- and d-wave portions of the free electron wave function is detailed 


electron momenta under the assumption that the lower state is the complete negative carbon 


ion wave function while the upper state is the antisymmetric product made up of the free 


electron plus the complete neutral carbon atom wave functions. Finally a simple calculation 


using the matrix element results provides the photo-ionization cross section 


1. INTRODUCTION 


In the boundary layers of certain types of 
re-entering satellites, nose cones, etc., we will 


assuredly anticipate the presence of atomic 


carbon and free electrons. The actual amount 
of carbon need not concern us in what is to 
follow, since that forms a specific which can be 
introduced at any time. In addition to this 

yssibility of occurrence, there is also the strong 
probability of the carbon continuum w hich may 
result from such a mixture occurring in certain 
stars The resulting continuum arises from 
the transition from the state negative carbon ion 
to the state neutral carbon atom plus free 
electron. We have developed a treatment of 
bound-free continua,* and we here propose to 
consider the specific case of the carbon con- 
tinuum according to this theory 

Let us detail briefly the general procedure 
which we will follow. In order to give a 
complete quantitative description of the C 
continuum we need (1) the electron affinity and 
(2) the matrix element for the bound-free electric 
dipole transition as a function of the free 


* Based on work performed under the auspices of 
the U.S. Air Force Ballistic Missile Division 

+ Present address: 1234 S. Arlington Avenue, Reno, 
Navada. 
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electron velocity. The former we shall obtain 
from experiment. The latter we shall determine 
theoretically, it constituting our prime concern; 
in order to accomplish this we shall require 
three wave functions: (1) the wave function for 
the neutral carbon atom, (2) the wave function 
for the free electron in the field of the neutral 
carbon atom and (3) the wave function for the 
negative carbon ion. We have developed 
methods for the calculation of these three wave 
functions, and these computations we shall 
detail in what is to follow. Subsequently we 
will make use of these wave functions in order 
to compute the photo-ionization cross section 
for the negative carbon ion. 


2. CARBON AND NEGATIVE CARBON WAVE 
FUNCTIONS 
Let us first sketch the method which will be 
used for the determination of the wave functions 
for carbon and the negative carbon ion.’ Our 
expressions for the radial orbitals may be 
written down as: 


R,,=2Z} *rexp[-Z,r] 
R,,=(1/2¥ 2) [Z, 
x rexp[—Z,r/2] 


(la) 


(1b) 


P 
Tyee 
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R,,=(1/2/ 6) exp [ (Ic) 
where, of course: 


(r, 9, 


Z,r/2] 


In equation (1d) the angular portion of the wave 
function is supplied by the well-known spherical 
harmonic. 

The required wave function normality is 
obviously inherent in equations (la) and (Ic). 
Normalization for the 2s function and ortho- 
gonality of the 1s and 2s functions are furnished 
by the parameters Z, and Z,. In addition these 
parameters provide a degree of control over the 
node of the 2s function. 

The expression for the atomic energy may be 
written as: 


E=  g (nl) 4 (lm, Um’) FY (nl, 
(Im. lm) G* (nl, (2) 


where these energies are, of course, the diagonal 
elements of the Hamiltonian: 


2 
(-49+Z/r)+ (3) 


= 
I 


in atomic units with: 


Radr (4a) 


(4b) 


G* (nl, nl) = NR R 


(4c) 


Equations (4a), (4b) and (4c) are the energies 
of the bare nuclear field, the Coulomb inter- 
action and the exchange interaction, respec- 
tively. The a* and * in equation (2) are the 
result of integrating the angular portion of the 
expansion of |/r, over the angular coordinates. 
These, of course, have been evaluated once for 
all by Slater’. We have programmed the 
analytic expression for equation (2) obtainable 


from equations (1) and (4) on the IBM 704”. 
In this expression for the energy, the parameters 
Z,, Z, and Z, are completely independent. 
Simultaneous variation of all three parameters 
will lead to a set of values for these parameters 
corresponding to a minimum of the energy as 
given by equation (2). This, of course, will 
correspond to the best analytic wave functions 
of the type equations (1). In our case, the 
orbitals of the form equation (1d) thus obtained 
are combined in an antisymmetric product 
representable by a single determinant. Let us 
first consider the ground configurations for the 
atom and ion and subsequently determine the 
corresponding single determinant wave func- 
tions. 

We first consider neutral carbon. We know 
that this atom is possessed of six electrons, two 
of these being equivalent 2p electrons. The 
Slater diagram corresponding to neutral carbon 
is given as Fig. Ic, page 1298 of reference (4). 
Such an electron configuration can, of course, 
result in 'S, 'D or *P configurations, the *P 
being the ground state. A single determinant 
wave function corresponding to the pure ground 
state configuration may be represented as: 


(5) 


where we have distinguished only the 2p elec- 
trons. The numbers within the parentheses are 
the magnetic quantum numbers, while the 
superior signs represent the spins of the elec- 
trons in question. The wave function will be 
a sixth order determinant whose orbitals we 
shall determine in a moment. 

In the case of the negative carbon ion we 
have three equivalent p electrons, and, although 
we shall not trouble to do so, it is quite simple 
to develop a Slater diagram for this distribu- 
tion of electrons from which the ground 
configuration may be determined. It so 
happens that the ground configuration here is 
*S, and one of the single determinant wave 
functions yielding the pure ground configura- 
tion may be represented as: 


[2p(-101)] (6) 


where the notation is as in equation (5). We 


, 
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now need but to carry out the variation 
calculation for the configurations corresponding 
to equations (5) and (6) 

The energy expression for the ground states 
of carbon and the carbon ion respectively are 
given by: 


EF =21,, + 2s, + 2p +F 
(2p, 2p) + 4F° (1s, 2s) + (1s, 2p) + 


(ls, ls) +F 


(2s, 2s) + 
+ 4F° (2s, 2p) — F* (2p, 2p) — 2G° (1s, 2s) 


(1s, 2p) — (2s, 2p) — Qp,2p) (7a) 
Us, 1s)+F 


+ (2p, 2p) + 4F* (is, 


(2s, 2s) + 
2s) + 6F° (1s, 2p) + 
2G° (1s, 2s) - 


(7b) 


+ 6F° (2s, 2p) — (2p, 2p) 


(1s, 2p) (2s, 2p) — (2p, 2p) 


Equations (7) have been individually mini- 
mized on the IBM 704 using our small 
variation program. As a result, we obtained 
the following radial orbitals for carbon: 


R,,=2 (5-679) 


R., 


rexp[—5-679r] (8a) 
(1/29 2)(4 * (-95544)° * [1-507] 
(4-051) (-95544)r]r exp [ — 2-026r] 


1-537r] 


(8b) 
R.,=(1/2 6) 3-073)" *r exp (8c) 


The radial orbitals for the negative carbon 
ion are given by: 


R,,=2(5-685)° *r exp [ — 5°685r] (9a) 


R,, =(1/2¥ 2) (3 860)" * (-9493)° * [14436 
— (3-860) 9493)r] r exp [ — 1°930r] 


= (1/26) (2°623)° exp[ — 1-312r] 


(9b) 
(9c) 


Equations (8) together with equation (1b) will 
give the orbitals appearing in the single deter- 
minant wave function for the ground state of 


carbon while equations (9) together with 
equation (1b) will provide the orbitals required 
for the single determinant wave function for 
the negative carbon ion. We now turn our 
attention to a determination of the free electron 
wave function. 
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3. THE WAVE FUNCTION FOR THE FREE 
ELECTRON IN THE PRESENCE OF THE 
CARBON 

Our general procedure for determining the 
wave function for the free electron in the 
presence of the carbon atom is about as 
follows: *? We obtain a potential for the elec- 
tron by utilizing a single determinant wave 
function for the *P ground configuration of the 
unperturbed neutral carbon atom. This poten- 
tial is obtained under the assumption of a 
Coulomb interaction. In this potential we 
neglect the effects of (1) exchange forces and 
(2) forces due to the polarization of the atom 
by the free electron. In the case of oxygen we 
have been able to compare the results of these 
approximations with experiment”. In_ this 
case the theoretical and experimental results 
begin to diverge a few hundred angstroms away 
from the threshold toward the blue. As we 
proceed toward the blue the experimental 
results increase slowly while the theoretical 
results decrease. The experimental results are 
given down to a minimum wavelength of about 
four thousand angstroms. At this wavelength 
the experimental results exceed the theoretical 
by a factor of very nearly three. Our approxi- 
mation as to exchange and polarization is 
surely responsible for at least part of this 
discrepancy Even so, the fact that the 
approximation yields results of this degree of 
approximation is sufficient to recommend its 
application to the present situation. 

This Coulomb potential we utilize in the 
Schroedinger equation for the s- and d-waves 
of the free electron. These s- and d-waves are, 
of course, the first and third terms in the expan- 
sion in terms of Legendre polynomials which 
we assume as a solution to the free electron 
Schroedinger equations. The equations are 
solved numerically and fitted to familiar asymp- 
totic solutions. Only the s- and d-waves will 
be obtained since this calculation is being 
carried out with a eye toward specific subse- 
quent bound-free matrix element computations. 

Our assumption of a Coulomb potential 
leads to the following: 


++ 
WV. [2p (01)) 
fe 


(10) 


. 
. 
“4 


In equation (10) the first term is the Coulomb 
potential due to the carbon nucleus while the 
second term is the Coulomb potential due to 
the orbital electrons. The equation appears in 
atomic units. The wave function indicated is, 
of course, the six by six determinant for carbon 
which we obtained in the preceding section. 
The r.- is the separation of the free electron 
from the volume element dr in the orbital 
charge cloud. We now utilize equations (8b) 
and (Id) in order to evaluate equation (10). 
The result is: 


f 2 (6°61628r* + 


+4-64698r + 3 23258 + ')¢ (1-2091 Ir? + 


+ 2:36079r + 2:36471 +) 


It is certainly apparent that the first term, which 
is the potential due to the Is electrons may be 
neglected. Further, there are two terms which 
are the angularly dependent terms due to the 
2p electrons, and which have not been included 
in equation (11). We have shown that these 
terms are negligible’’, and they have not been 
included. We now utilize this restricted form 
of the potential in the fashion of Chandrasekhar 
and Breen"? for the hydrogen atom. 

We begin by assuming that our free electron 
wave function is of the form: 


V(r, P, (cos 4) (12) 


where P, (cos 4) are the Legendre polynomials, 
and the y, (r) are the unknown radial wave 
functions for which we must solve the 
Schroedinger equation. At this point we intend 
to limit ourselves to a consideration of the s- 
and d-wave portions of the free electron solu- 
tion, since it may be quite readily shown that 
only these portions of the free electron wave 
functions combine in the matrix element for 
the bound free transition. Consequently, we 
now substitute equation (12) into the Schroe- 
dinger equation containing the potential given 
by equation (11) modified and multiply through 
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on the left by P, and P, respectively. We sub- 
sequently integrate over the polar angle to 
obtain the following: 


dP PV) xi) | 
(13a) 

dr? + | k | Xo 25 (\dreP PV.) 


Xo/ | d-P.P, =0 (13b) 


It is apparent that all terms in the sum save 
X» in equation (13a) and x, in equation (13b) 
drop out. 

Numerical solutions to these two equations 
have been carried out on the IBM 704 in the 
region 0<r=<8 for values of the free electron 
momentum ranging from 0-01 through 0-80 
atomic units. The numerical solution for the 
s-wave was joined at the outer end of its range 
to the familiar asymptotic solution: 


sin (kB +8,) 


(8 
Xo (S)= 


(14) 

A numerical solution of the d-wave remains 
dependent on the centrifugal potential at the 
outer end of our range, so it is not asymptotic 
to an equation of the form equation (14). We 
know from previous calculations, however, that 
the phase shift is small so that we may obtain 
it from the familiar equation: 


| (kr) (15) 


Having obtained a phase shift for the d-wave 
we may normalize it by equating it to the 
following expression at its outer end: 


v2 (r) (kr =+6,) 


(16) 
kr 

with which we have effectively obtained the 

desired free electron wave functions. In Fig. (1) 

we have plotted the s- and d-wave functions 

for the k values 0-01, 0-08, 0-10, 0°30 and 0°80 

as examples. 
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Fig. 1. The s— and d-wave portions of the wave 
function for the free electron in the presence of 
the neutral carbon atom for the indicated values 
of the momentum, k. 


4. THE BOUND-FREE CONTINUUM OF C- 


In carrying out this calculation we must 
determine (1) the form of the initial system 
neutral carbon plus free electron (2) the form of 
the final system negative carbon and (3) the 
form of the electric dipole moment operator 
which are to be utilized in the calculation. 

We have given as our neutral carbon wave 
function a single determinant of order six or an 
antisymmetric product made up of six orbital 
wave functions and containing six factorial 
terms. What we propose to do is to form an 
antisymmetric product from these six orbital 
wave functions and the free electron wave func- 


tion. We may write this antisymmetric product 
as: 


\ 7! 10 280 


The P in equation (17) is, of course, the 
permutation operator. 

The wave function for the negative carbon 
ion is likewise given by an antisymmetric 
product as follows: 


| 
7! 


P(-) WV, <(e,) +(€,) V,,<(,) V+ 


We suppose that the incident radiation is 
unpolarized. Then we would simply average 
over the matrix elements for the three direc- 
tions of polarization. Fortunately, a simplifi- 
cation arises here. It turns out that we need 
compute only the x- and y-polarized radiation; 
let us detail the reason for this. 

An electron is ejected by the incident photon. 
We consider this electron as immediately 
establishing a radical electric field, and this 
field in turn may be taken as establishing a 
space-fixed z-axis. When we assume this we 
can show that, in the case of carbon, the matrix 
elements for the absorption of z-polarized 
radiation disappear, thus allowing only the 
absorption of x- and y-polarized radiation. 
This is not as selective as might be supposed. 
We may orient our carbon atom in any manner 
we like before the incidence of the photon, so 
that the random orientation to be anticipated 
will not restrict the radiation to be absorbed in 
the over-all. However, in finding the absorp- 
tion we will need only to determine the matrix 
elements for the x- and y-polarized radiation. 
To further simplify matters the matrix elements 
of the x- and y-polarized radiation are equal 
in absolute value. Therefore we shall simply 
determine the former. 

We shall utilize the dipole length form of the 


° 
-4 
-4 4 + + + 
| 
0 
2 
— 
#=0-90 
a | 2 3 a 5 6 7 8 
; 
; 
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operator which for our case is: 


r, sin 6, + (19) 


Equations (17) through (19) provide the 
necessary functions for our matrix element 
evaluations. Let us first write down the expres- 
sion for the matrix element and then explain 
it: 


Se 
(Ce|M.\C 

[| ) x rdr 5 
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ls orbital from neutral carbon becomes a 2p 
orbital in the negative carbon ion. The last 
term is similar to the second except that now 
we consider our free electron as proceeding to 
a 2s orbital while one of the 2s electrons in the 
carbon atom proceeds to a 2p orbital in the 
negative ion. These represent all the possibili- 
ties for combination among the twice seven 


[JRuOR, (C~-)dr}’ [ (C) R,,(C R,,(C) R,, (C~) dr} 


[ [R., (C) Rs, [| ) xed IL Rye (C) Rap (C » 


[(R.. OR. R.(C) Rey (C-)dr¥ [| R.. (C-) xed FIL | Ras (C) Rey (C-) rer] 


We first remark the approximations which 
have been made. We have assumed that the 
ls orbital for carbon is orthogonal to the 2s 
orbital for negative carbon and that the 2s 
orbital for carbon is orthogonal to the Is 
orbital for negative carbon. This is very nearly 
true and should certainly not affect our results. 
Let us next consider the first term in the three 
term sum of equation (20). In this combina- 
tion of wave functions in the integrands 
involved, we represent the possible case where 
the free electron proceeds to a 2p orbital under 
the aegis of the dipole moment operator. Since 
this operator is a one particle operator and we 
have assumed orthogonality, all other orbitals 
in the carbon atom combine only with the same 
orbitals in the carbon ion. Now there are seven 
factorial terms in the antisymmetric product 
for the initial system and seven factorial terms 
in the product for the final system. Each 
member of one of these products will combine 
in an integral identical to this first one with a 
single member of the other product. Thus, 
there will be seven factorial integrals precisely 
similar to the first term in equation (20). 
Division of the sum by the normalization factor 
yields a coefficient of unity. The second term 


in equation (20) represents the situation where- 
in the s-wave portion of the free electron wave 
function combines with the Is orbital while a 


(20) 


factorial members of the two antisymmetric 
products. And now it is simply a matter of 
numerical integration to combine our tabular 
free electron wave functions with our analytic 
bound orbital functions. 

We have programmed this calculation for 
the IBM 704 and carried it out for carbon for 
the various values of the free electron momen- 
tum for which wave functions were determined. 
We next compute the photo-ionization cross- 
section. 

From Chandrasekhar'” we obtain the follow- 
ing expression for the cross-section in question: 
(k* + 21) (21) 

Let us recall that the absorbed radiation will 
correspond in energy to the free electron energy 
plus the electron affinity of carbon. This 
electron affinity we shall take as 1:12 electron 
volts’. We now have the two factors neces- 
sary to our continuum, namely, photo-dissocia- 
tion cross-section as a function of radiant 


energy. We have plotted this continuum as 
Fig. 2. It may be remarked that the cross 
section computed is of the same order of 


magnitude as that for oxygen. 

If ome were interested in the specific 
application of our results to boundary layer 
radiation, one would, of course, first determine 
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Fig. 2. Thecross-section for the photodetachment of an electron from the 


negative carbon ion. 


the absorption coefficient from this cross sec- 
tion. This in turn could then be inserted in a 
simple emissivity expression of the type: 


¢.=1—exp [1 —exp(—Av/kT))} 


in order to obtain the actual emissivity of a 
layer of carbon ions of a particular thickness, 
density and temperature. 
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Abstract—There is reported radio-radar and optical observations of an electron cloud created 
by the night time release of cesium at 101 km from a Nike-Cajun rocket launched at Holloman 
Air Force Base on 20 May 1958. An analysis of the electron yield based upon the thermo- 
chemistry and the Saha relationship indicates that the electrons observed can be reasonably 
ascribed to thermal ionization. 


1. INTRODUCTION detail. Rather, it is sufficient to utilize Cs and 

Another paper of this series’ reported the to extend the findings to the cases of potassium 
generation of an artificial electron cloud by the and sodium. This is illustrated in Fig. 1 which 
daytime release of atomic potassium at an depicts the behavior of K, with temperature 7, 
altitude of 121 km. Although the primary the equilibrium constant for the process: 
process for the production of electrons was X->X++e where K,—N‘N./N, (1) 
ascribed to the solar photoionization of the 
contaminant, the observed radar data suggested and N*, N., and N, are the number densities of 
that some process other than that of photo- the ions, electrons and neutral atoms, respec- 
ionization was responsible for the early, initial tively. Fig. 1 clearly illustrates that, other 
(first 100 sec) electron production. parameters considered equal at a _ given 

Qualitative arguments indicated that it was temperature 7, Cs produces considerably more 
not unreasonable to identify this early process electrons than the other two alkali metals taken 
with the thermal ionization of potassium, the into account. Note that Fig. 1 is a plot of the 
necessary heat being supplied by the heats of log.) K, vs. temperature. 
chemical reaction of the release method. The [t is expected that the chemistry of genera- 
primary object of the daytime release of tion of the alkali metals is similar in each case 
potassium was to ascertain the role of the solar (Cs, K and Na). In addition, it can be shown 
photoionization of the contaminant; thus it was that the thermochemical data associated with 
of considerable importance to determine to alkali metal nitrate-aluminium reactions are 
what extent processes other than photoioniza- similar; thus essentially the same amount of 
tion may contribute to the observed electron cannister heating is expected in each case. 
cloud. In addition, since the series of experi- Therefore, in order to ascertain a maximal type 
ments were to utilize three alkali metals. Cs, of extent of thermal electron production it was 
K and Na, it was felt that the possibilities of felt that cesium was the best choice. Also, 
thermal ionization must be examined with all since the daytime (solar photoionization process 
three contaminants. 

Concerning thermal ionization only, it is not * At present associated with Geophysics Corpora- 

tion of America, 700 Commonwealth Avenue, Boston, 

necessary to study each of the alkali metals in Massachusetts. 
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Temperoture (T) x10” 
Fig. 1. The variation of the thermal ionization 
equilibrium constant for the alkali atoms as a 
function of temperature (°K) calculated from the 
Saha equation 


of electron production) release of Cs was 
planned, the above arguments only serve to 
point up the necessity of determining the extent 
of thermal production of electrons for the Cs 
case especially. 

The reason for the choice of a nighttime 


release is of course to isolate, through 
experimentation, any contribution by solar 
photoionization and photodetachment proces- 
ses. However, it should be emphasized that 
this does not imply that only the process of 
thermal ionization need be considered for the 
generation of electrons. Other processes are 
possible, but here the only consideration is 
thermal production. The approach will be 
justified by showing that it is possible and 
reasonable to ascribe the observed electron 
production to thermal processes. 

The decision to release the Cs vapor at an 
altitude of 100 km was determined largely by 
the desirability of producing an easily visible 
and photographable cloud. The advantages of 
such a procedure are manifold. No detailed 
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discussion is offered here; instead, only those 
advantages utilized in the present problem are 
pointed out: namely, the ascribing of the 
electron generation to a thermal process. In 
addition, optical data pertaining only to this 
end are included. Some of the pertinent 
advantages gained by optical detection of the 
cloud are as follows: (1) triangulation optics 
can yield very accurate (within | per cent) 
altitude data (2) optical determination of the 
initial cloud size can be correlated with simul- 
taneous radar returns (this can aid in determin- 
ing the total electron content) (3) change of size 
with time can associate time dependence of 
observed radar returns with optical tracking. 
These illustrate only some of the advantages 
of the visible cloud technique as considered. 

The method which rendered a Cs release 
photographable was straightforward. It was 
decided to “dope” the cesium release with 
about 10 per cent sodium vapor. The sodium 
vapor would react in a chemiluminescent 
manner with the atomic oxygen at 100 km 
(maximum number density of 0 atoms) and 
produce the sodium D-line (5890 A). The 
determination of the necessary amount of 
sodium to utilize (5 per cent) and the choice 
of altitude (100 km) for maximum emitted 
intensity were arrived at from reference to the 
recent rocket release of sodium into the upper 
atmosphere”. Actually, about 13 per cent Na 
was used as “doping agent” in order to have a 
working excess to allow for unpredictable para- 
meters such as overall yield, vigor of release 
and wind shears. 


2. EXPERIMENTAL TECHNIQUES 

The chemical generation of alkali metals (Cs 
in this case) and the subsequent release has 
been described for a similar experiment’: * *’. 
One significant difference exists: the choice of 
vehicle. In the previous experiment an Aerobee 
rocket was employed. This permitted the use 
of a cannister of such volume and weight that 
over 140 moles of atomic potassium could be 
carried to 121 km. However, in anticipation 
of a systematic study utilizing many rockets, it 
was decided to attempt to continue this series 
using the less expensive, solid fuel Nike- 
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Cajun.” The payload-altitude capabilities of 
this vehicle were considered suitable for this 
experiment. 

A stainless steel cannister to contain the con- 
taminant was designed and constructed to be 
employed within the requirements of payload, 
configuration of nose cone, high acceleration 
(approximately 60 g's), bending movement, and 
adaptability to the rocket body and instrument 
package. The vaporizer measured 12 in. in 
length and 6:5 in. in diameter (volume 400 in’). 
The weight of the empty vaporizer was 86 kg. 
The chemicals used for the experiment 
consisted of 8:4 kg CsNO, and 4-0 kg of Al 
granules 

The ratio of gram moles of sodium nitrate 
(doping agent) to cesium nitrate was 5-4/43-1 
or about 13 per cent. 

A Nike-Cajun rocket carrying the described 
loaded cannister was launched at (243: 35 
MST, 20 May 1958, at Holloman Air Force 
Base in Alamagordo, New Mexico. A pre- 
set timer actuated the release of atomic cesium 
and sodium at 92 sec after launch at an altitude 
of 101 km. 


3. EXPERIMENTAL RESULTS: OPTICAL 

Several optical probes were utilized in this 
experiment; only those data required for the 
content of this paper are presented here. Other 
data are presented in another report of this 
series” Brief descriptions of the optical 
probes are given here 

The Astro Ballistic Camera net consisted of 
six cameras located at three different sites to 
afford accurate (within 1 per cent) altitude 
determination. Two cameras were located at 
each site and each was equipped with an f/2-5 


lens. Correlated optical data were obtained by 
utilizing star background and _ synchronized 
(WWYV) timing. Communication difficulties 


hampered operations slightly, but some useful 
data were obtained. The cameras were pro- 
grammed to take S-min time exposures 
beginning at release time. Good photographs 
were obtained, and the following data were 
deduced. The cloud was initially generated at 


an altitude of 101 km above a location 10-1 km 
north and 7°6 km west of the launch site. 


The 


ARTIFICIAL ELECTRON CLOUDS 


IV 19 


apparent photographed cloud shape was 
oblong, and its dimensions were about 1:2 x 
2:3 km. It must be noted that this represents 
a value which is undoubtedly too large since the 
time exposure of 5 min represents an integrated 
response in which the relative motion (wind) of 
the center of gravity plus any diffusive effects 
are recorded. A reasonable guess for the 
initial size would be about one half of the 
smallest dimension or about 0-6 km diameter 
sphere. 

[he Baker-Nunn satellite tracking camera 
was utilized. This instrument is a 3-axis, 20-in 
aperture, f/1 camera and is located at Organ 
Pass, New Mexico (35 miles from the launch 
site). It has a motor-operated mechanical drive 
which provides sequential tracking or series 
photos on a 250 x 55 mm frame. Furthermore, 
accurate (WWY) times are displayed on each 
exposure. A clear photograph was obtained on 
this instrument for a total of 26 sec, after which 
the cloud became too diffuse to photograph. 
The cloud appeared spherical initially and after 
several seconds began to assume a rhomboidal 
geometry. Here, the measured apparent initial 
sphere diameter was only 0-7 km. This was 
undoubtedly due to the short exposure times 
involved. Again, this represents an upper limit: 
however, it is felt that, in the short time factors 
considered, a value of initial sphere diameter 
of about 0°6 km is reasonable. 

A commercial 35-mm camera was used to 
obtain an additional measure of initial cloud 
size. The camera was an Exacta IV with f/2-8 
lens (SO mm). A time exposure of 4 min 
beginning approximately at release time (when 
first visible) resulted in a clear photograph of 


the cloud which, when reduced to apparent 
size, was an elongated rhomboid which 
measured 09 x 1:5 km. The image of the 


cloud was obviously distorted due to wind carry 
during the 4-min exposure time. However, the 
agreement with the Astro cameras (5-min ex- 
posure) in ratio of axes and absolute sizes is 
considered good. From these, a value of 0°6 
km for the initial cloud size seems reasonable 
and, thus, is the value adopted in this study. 
This is considered to be an observed initial 
sphere diameter. 
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4. EXPERIMENTAL RESULTS: RADAR 
Most of the radar probes utilized in the 
present study have been described elsewhere 
These include (a) a 6-m and 2-m radio amateur 
net, (b) the Dovap and Doran White Sands 
missile tracking systems (c) the Laredo-Smythe 
Associates forward scatter net (d) the Ft.Hua- 
chuca—Collins forward scatter net (e) the 
Stanford University 70-kw pulsed radar (on 
23-1 Mc for this experiment) at Alamogordo 
and (f) the C-3 ionosonde located at the White 
Sands Proving Grounds, New Mexico 
The 6-m net utilized a 50-01 Mc coded trans- 
mitter located 300 miles west (Tucson, Arizona) 
of the launch site 4 ring of amateur 
monitoring stations was located within a 500 
km radius of the test area Amateur 


participants were requested to tape record their 
\ positive 


signal of the coded transmission was obtained 


ind count-down information 


sion 


coded 


The spectrogram easily identified 
with Tucson transmission and became 
detectable only after the cesium release at 101 
km. A variable beat oscillator was employed 
to make the observed signals audible. Readable 
spectrograms were reproduced for a duration 
of only about | min after release, but audible 
signals are identifiable for about 8 min follow- 
ing release 

The 2-m net was similar to the 6-m net except 
that transmissions were on 144-01 Mc. Here 
again, signal enhancement was recorded in El 
Paso, Texas (about 100 miles from launch 
site) at 92 sec after launch. The signal was 
audible for about 4 min These results 
obtained on the radio nets are considered to be 
significant for utilization of artificial electron 
clouds for propagation schemes. It is felt that 
this is the first report of audible transmissions 
beyond line of sight by means of an artificially 
produced electron cloud. 

A representative result of the Dovap and 
Doran network is depicted in Fig. 2 which is a 
photograph of the Dovap record on 36-9 Mc 
of 20 May 1958. The initial onset, duration (65 
sec) and subsequent decay are clearly shown. 

The Laredo—Smythe forward scatter system 
consisted of monitoring of the 201 Mc Laredo, 
Texas, transmissions. Two locations were 


was 
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utilized for forward scatter monitoring. One 
was situated at 39° 45’ N latitude and 112° 50’ 
W longitude in north central Utah while the 
other was at 36° 35° N latitude and 115° 55’ 
longitude west of Las Vegas, Nevada. Both 
locations received cloud-propagated signals at 
91-6 sec after launch. The time duration was 
7 sec for the Las Vegas installation, and 9 sec 
for the Utah site. This time differential may 
be ascribed to the cloud geometry. The optical 
data were not sufficient to verify this. 

The 810 Mc transmission from Ft.Huachuca 
was monitored by Collins Radio Company at 
Lubbock, Texas, and Encino, New Mexico 
The Encino site reported a 2-sec burst on 810 
Mc following gas release. The 
Lubbock site reported negative results 

The Stanford University 70-kw pulsed radar 
was operated on 231 for this experiment. In 
addition, a 6 Mc radar located in the same area 
was utilized simultaneously and provided useful 
data. At gas release time a strong return was 
noted on 23-1 Mec and saturated for about 50 
sec (Fig. 3). Thereafter a decrease in amplitude 
occurred until about 90 sec after release at 
which time it was no longer detected on 23:1 
Mc. On the other hand, the behavior of the 6 
Mc return is quite different. The buildup began 
at about 50 sec until it reached a maximum at 
125 sec whereupon it decayed rapidly over the 
It is noted that the buildup 
of the 6 Mc coincides with the decay of the 
23:1 Mc. The observed behavior of these two 
frequencies suggests that the time required to 
achieve a sufficiently large radar cross-section 
to 6 Mc (over 500 m’*) is about 50 sec. The 
observed decay in each case is associated with 
the gradual electron density decrease due to 
attenuating factors such as diffusion, recom- 
bination, etc. It is possible that a method of 
determining cloud dimensions and _ electron 
density distribution within the cloud can be 
ascertained by utilizing refined experimental 
techniques based on these observations. Such 
data would be of importance in the study of 
propagation physics. 

The records from the C-3 ionograms are sum- 
marized in Fig. 4 where the maximum 
frequency return is plotted against the time after 
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Fig. 3. Echoes from electron cloud by Stanford University 23-1 Mc and 6—Mc radars. 


release of contaminant. The sharp onset of 


high critical frequency noted during the correct 


15-sec sweep is evidence of the identification of 
these and subsequent signals to the newly 
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Frequency (Mc/s) 
Electron Density /Cm> 


1 1 


2 3 
Time After Release (Minutes) 
Fig. 4. Plot of maximum frequency return from C-3 
as a function of time. The Stanford radar returns 
data are used during the first 15 secs. for the initial 
high frequencies and the curve extrapolated to the 
zero time of release. 


generated artificial electron cloud. The corres- 
ponding electron density is also included for 
reference. Further evidence is afforded by 
graphing the apparent slant range with time 
(Fig. 5). The smooth variation indicates the 
presence of a small cloud initially detected at 
the correct time and drifting slowly away from 
the station. It should be noted that for such a 
limited time (3 min) no reliable estimates of 
wind velocity could be attempted. 

It is felt that the generation of a visible, high- 
density electron cloud was successfully accom- 
plished by the nighttime release of Cs vapor. 
The fact that the cloud was generated seems 
indisputable. The phenomena largely respon- 
sible for the generation of this cloud has yet to 
be established with certainty. The remainder 
of this paper is devoted to this problem. It is 
shown that it is not unreasonable to ascribe the 
observed electron cloud to the thermal ioniza- 
tion of the released, high temperature cesium. 


5. DISCUSSION OF EXPERIMENTAL RESULTS 


The discussion of results is confined to the 
problem of the electron generation process; 
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slant Range (Km) 


2 
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Fig. 5. Variation of slant range of electron cloud with time from C-3 station. 


here only the problem of thermal generation is 
considered. It is clear that for a study of this 
nature it is essential to be able to estimate the 
extent of electron generation; that is, to esti- 
mate the total electrons generated in the 
process. Then the simple energetics of the 
problem can be considered to determine 
whether enough energy is available to account 
for the observed result. Finally, if this is satis- 
factorily accomplished, it then remains to 
ascribe a model to the process and determine 
whether or not the generation of the total 
electrons can be ascribed to a reasonable model 
by utilizing realistic parameters. This is the 
approach adopted here. First, an estimate of 
the number of electrons is required. 

The photographic data from the three optical 
probes (especially the Baker-Nunn camera) in- 
dicated that initially the released cloud was a 
sphere of apparent diameter of about 600 m. 
Thus, the initial volume is taken to be about 
1 x 10°* cm’. If the following further assump- 
tions are made: (a) the initial density distribu- 
tion is homogeneous and (b) the yield of Cs 
production is taken to be about 10 per cent 
(good to a factor of two), then it is easily shown 
that the Cs atoms are distributed throughout 
the sphere with an average density of 3 x 10° 


cm’; this is a factor of 300 less than the density 
of the total ambient species. 

The radar data can be utilized to obtain an 
estimate of the initial electron density through- 
out the cloud. Fig. 4 of the C-3 data indicates 
an initial electron density of about 10° elec- 
trons/cm*. However, if the Stanford data are 
extrapolated to zero time, a value closer to 
about 6 x 10°/cm® is obtained. Thus an initial 
electron density value of about 3 x 10° 
electrons/cm* is adopted as realistic for a 
period of the first few seconds following Cs 
release. Here, however, the direct correlation 
between optical and radar observations should 
be applied with care. For example, while the 
optical probe may record a cloud of 300 m 
radius, the “size” of the cloud observed by the 
radar corresponds to at least that of the radar 
cross-section which in turn is related to the 
measured electron density. Thus, it is assumed 
here that at the radius of reflection the electron 
density is 3 x 10’/cm*. However, the approxi- 
mation is again applied that throughout the 300 
m (optical) radius of the cloud the local electron 
density does not vary by a factor of 2 and the 
average assumed here is that of 3 x 10” cm’. 

Thus if an initial volume of | x 10'* cm’ and 
initial average electron density of 3 x 10° are 
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adopted, the total electron content of the 
artificial electron cloud is estimated to be of the 
order of 3 x 10*'. Furthermore, if the average 
density of neutral Cs atoms is initially taken as 
3x 10'°/cm®*, then the probability of thermal 
ionization is of the order of 10-*. It now 
remains to determine whether the estimates of 
the parameters discussed above are compatible 
with ascribing the generation of the electrons to 
the thermal ionization of the cesium vapor con- 
tained in the cannister before release at altitude. 


6. THERMAL IONIZATION 
Perhaps the most direct mechanism to 
account for the creation of the observed elec- 
tron cloud is thermal ionization. Here, it is 
conceived that the evolved gas is basically 
processed at a certain temperature and particle 
density to yield free electrons. It is further 
supposed that after a plasma is generated, the 
material is spread outward from the dispenser 
as it bursts, and the material is diluted in a 
geometrical fashion in accordance with the 
observed extent of expansion of the cloud. For 
example, in this case, the initial sphere of radius 
is 300 m. Subsequently, the electron concentra- 
tion decreases in time through attachment, 
diffusion, recombination and other factors. The 
theory of thermal ionization is applicable 
strictly to equilibrium processes. In the present 
case the governing reaction (discussed below) 
is very rapid, almost violent in character. 
Whether an equilibrium or close to equilibrium 
process is experienced here is somewhat uncer- 
tain. Nevertheless, as a first approximation to 
indicate order of magnitude considerations, the 
thermal electron yield is calculated for an equi- 
librium process. 
For process (1) we have from the Saha 
relation” 
log K,, = log (g*g~ /g°) 15-38 —1-5 log T - 
5040 V,/T (2) 
where the g’s are the statistical weights, 7 the 
absolute temperature and V, the ionization po- 
tential in electron volts. Further, 


N.+N,=N, (3) 


where N} is the total number of original un- 
charged particles/cm*; N, and N, have been 
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If we assume that N,=N*, 
expression is obtained by 


previously defined. 
then the following 


substitution: 
(4) 
If VN’, >> K,, (as in the present case): 
N.=(K,N,)}* (5) 


In order to estimate the total number of elec- 
trons produced thermally, we must investigate 
the thermochemistry of the chemical production 
of the alkali metal vapor to obtain an estimate 
of the temperature and the concentration of 
cesium vapor prior to the cannister burst. The 
governing reaction is considered to be a mixture 
of (6) and (7). 


3 A1+CsNO, +A1,0,+AIN (6) 
2A1+CsNO,>Cs? +Al1,0,+4N, (7) 


The energies available for heating the Cs 
vapor from (6) and (7) are 381 and 224 kcal 
respectively, allowing 25 kcal for the heat of 
vaporization of cesium (estimated from sodium 
data). In addition, it can be shown that a 
reasonable estimated heat capacity of reaction 
products is 40 cal/g mole. Because of the speed 
of the reaction it is assumed that the heat losses 
due to conduction are negligible. Further, if 
the reaction is adiabatic, then we obtain, in 
principal, Cs vapor temperatures of about 
9000°K and 5700°K respectively for (6) and 
(7). Since the reaction is at best considered to 
be a combination of these reactions, an upper 
limit of temperature attained can be about 
7000°K. However, the actual mechanism is 
unknown, and the heat capacities and states of 
reaction products are unknown at the elevated 
temperatures; therefore any statement concern- 
ing the achieved temperature is at best a very 
crude estimate. It is probably safe to assume 
that temperatures of the order of 2000°K- 
4000°K cannot be ruled out. 

In order to apply the Saha equation we must 
obtain a value for N‘,, the total concentration 
of Cs atoms. To obtain this value for tempera- 
tures between 1000°K-6000°K, the correspond- 
ing pressures in atmospheres are calculated 
taking into account the total number of moles 
reacted. Here it is assumed that the cesium gas 
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evolved is at temperature, 7’, and that it fills the 
available (void) space in the container at a 
uniform density. The void space in the 
container is initially (before reaction) 2°41. 
When (and if) the full 43 moles of CsNO, is 
reacted, the available space increases to 4°31. 
For the case of partial consumption of the 
CsNO., intermediate volumes are available. If 
the increasing void space with extent of reaction 
is allowed for, the pressure, P, for X moles 
reacted is given by 
¥ (6x 10")T 

P is in atmospheres, T in “K. The values for 
¥ and 7 for different pressures are plotted in 
Fig. 6. If one now assumes dynamic bursting 
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pressure (as in the present violent reaction), it 
is easy to achieve instantaneous pressures 
greater than the static burst pressure by a 
factor of 2. After an estimate of the number 
of neutral Cs atoms/cm®* is obtained, the Saha 
equation is applied to determine the probability 
of thermal ionization for the various tempera- 
tures for a given burst pressure. Subsequently, 
the total number of thermal electrons generated 
and contained in the cannister at burst time is 
calculated. These data are given in Table I in 
which the cases of 300 atmosphere and 500 
atmosphere bursting pressures are considered, 
respectively. The ratio of electrons to neutral 
particles is also given in the table. The 
temperature range considered was from 
1000°K to 5000°K. 


Fig. 6. Pressure within cannister as a function of moles reacted and temperature 


of the reactants. 


pressure of the cannister, the concentration at 
the burst pressure is found. A burst pressure 
of about 300-500 atmospheres is adopted here. 
This value seems reasonable since the static 
pressure of rupture is estimated to be over 200 
atmospheres. For a very rapidly increasing 


A variation of burst pressure by a factor of 
2 or 3 would not significantly alter the electron 
concentration for a fixed T since the void space 
containing these electrons would alter in such 
a manner as to offset the effect of the pressure 


factor. In addition, the achieved electron 


\ 
Qc 
4 
o~ 
i000 
> 
€ 
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density varies to the one half power of N‘, 
On the other hand, the temperature is a more 
sensitive parameter. 

With reference to the table, the following 
values deduced earlier should be recalled here. 
For example, it was estimated that reasonable 
requirement values for the total number of 
electrons and thermal ionization probability 
were 3 x 10*' electrons and 10~-° electrons 
neutral atom. Furthermore, a crude estimate 
of yield was taken as about 10 per cent (within 


Table 1 


ELECTRON CLOUDS—IV 


can be stated. It has been demonstrated that it 
is possible to ascribe to thermal processes the 
generation of an ample number of electrons to 
account for the observed electron cloud. It 
was assumed that thermodynamic equilibrium 
was obtained, and that the application of the 
Saha relationship was justified. The crude 
models and the liberties exercised for estimating 
several of the parameters rule out any positive 
statements. However, if the process of electron 
generation is ascribed to thermal processes, it 


Calculation of the Total Number of Electrons Thermally Produced 


at Different Assumed Temperatures for 300 and 500 Atmospheres Bursting 
Pressure of Cannister 


Moles 
reacted 


K 


300 


0-69 
2000 2x 1090!° 
2000 4x10! 
10'* 


1000 


S000 
S00 


1000 0-69 
2000 
3000 


5000 


Table 1 suggests that these 


a factor of 2). 
values are best satisfied by a temperature 
above 3000°K and a bursting pressure between 
300-500 atmospheres. It is interesting to note 
that the ratio of electrons to neutrals is only 
satisfied for temperatures about 3500°K. There- 
fore, if this model is nearly correct, it seems 
that the temperature of release is most probably 
in the vicinity of 3500°K. Specifically, the best 
all-around fit is obtained at a temperature of 
about 3500°K and a bursting pressure of over 
500 atmospheres. This is probably not too 
significant in view of the order of magnitude 
arguments presented. However, the following 


Total electrons 


Total atoms 


Tot il no 


electrons 


Atmospheres 


1:2 > 
> 
1-1 > 


Atmospheres 


is found that reasonable expectation values can 
be attached to the system discussed. 
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Abstract——Photoelectric observations of Mars in October and November 1958 at the Lowell 
Observatory give values of the stellar magnitude and integral albedo at five waveleneths from 


1 law to 6900 


nearly constant albedo A 046 
INTRODUCTION 

Photoelectric observations of 
magnitude of Mars in five colors were made in 
October and November 1958 by means of the 
21-in. reflector of the Lowell Observatory 
The regular photometer designed by H. L 
Johnson was used and in addition to the 
standard U, B, V filters, observations were 
made through a deep red filter and a silver 
filter. The effective wave lengths and band 
widths at half maximum response are listed in 
Table 1; the values given are for the energy 


Table 1. 


Designation U 
>-78 

Band-width (A) 2 5 


curve of Mars after transmission through the 
atmosphere 
The spectral response of the 


1P21 + filter 
combination was taken from the work of 
Johnson" for the U, B, V filters; the spectral 
transmission of the silver filter was directly 
measured; for the deep red combination A.« 
was simply derived from the color equation 

The observations at A 3300 were prompted 
by a communication from Dr. A. Boggess III 
reporting that the NRL rocket observations 


* The research reported in this paper was supported 
by the Geophysics Research Directorate, Air Force 
Cambridge Research Center, Air Research and 
Development Command, under Contract AF19(604) 
3074 with Harvard University. 


In the near ultraviolet 3000 - 


Filter 


1\<— 4000 Mars is 


grey” and very dark, with a 


Earlier Mount Stromlo and Flagstaff data are also discussed 


the 


at A2700 led to an 
value for the albedo, 
contrast with the very 
0-05 near A 4000 


unexpectedly high 
about 0:24), in 
low albedo, about 


2. OBSERVATIONS 


Only three out of 10 scheduled nights were 
of photometric quality. Much of the time was 
devoted to the standardization observations 
necessary to provide a strong tie with the 
magnitude systems, especially in the R’ and 
U’ bands where no standard magnitudes were 


Combinations 


B R 
4330 6900 
2:20 145 
1100 


available. The magnitudes and colors of the 
standard stars are listed in Table 2; the num- 
ber of observations is given in parentheses. 
For each star the first line gives the standard 
U, B, V values, the second line the observed 
values. 

The four AOIV.V stars eLlyr, yGem, 
yUMa, yOph were used to fix the zero points 
of the LU’ and R’ systems: the four GOV to 
GS V stars, «Per, HR483, 85Peg, «Cet whose 
mean spectral type G2V and color index 
B—V = +0-63 are the same as the sun’s’*’, were 
used to determine the other color indices of 
the sun. four stars in the Hyades, numbers 10, 
15, 71 (@*Tau) and 72 (#Tau) which were 


4 
* 
: 
ic : 
: 
ole 
4, 7 
: 


Table 2. 
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Standard Stars* 


B-V 


U-B 


aLyr AOV +004 0-00 0-01 

+0-058 —0-022 +004 (3) 0-010 (1) + 0-015 (2) 
yGem AOTV 0-00 +003 

+1°921 +0012 + 0-036 (4) +0003 (2) +0015 (2) 
yUMa AOV | 0-00 

+2414 + 0-022 +0015 (3) + 0-009 (1) — 0023 (2) 
yOph A0V +3-75 +004 

+0017 + 0-004 (2) +0°125 (1) 


6?Tau 471 +0179 +0132 
+3424 +0181 +0152 (5) +0306 (2) +0133 (3) 
Hyades 10 +785 +0589 +0100 
+7840 +0°593 + 0-081 (1) +0485 (1) — 
Hyades 15 -- +8-09 +0658 + 0-204 
+8052 +0°657 +0185 (1) +0681 (1) — 
‘Per GOV +404 +060 
+4051 +0613 + 0-094 (6) +0°591 (1) +0494 (3) 
HR483 G2V +494 +063 
+4951 +0614 +0° 104 (6) +0°608 (1) +0469 (4) 
85Peg G2V + 5°75 + 0°66 +004 
+5725 +0°662 + 0°027 (2) [+0691] (1) 
Cet GSV +Oo-18 
+4830 + 0-675 +0171 (5) +0°728 (1) +0495 (2) 
Kol + 3-85 + 0-995 +0741 
+3850 +0956 0-757 (4) +0675 (3) 


* Number of observations in parenthesis. 


close to Mars during the observations, were 
used as local standards. 

Observations were made through a 2 mm= 
50” hole, except on October 28 when the 
seeing was very poor and a 3 mm=75” hole 
was also used. No systematic difference was 
noted. The atmospheric absorption coeffici- 


ents are listed below: 


U 


O (mag) 0°75 O, 


with, as usual, 0, —023-—0-030 C,, where C, 
is the color index in the natural system. A 
plot of the final magnitudes and colors against 
sec z shows no systematic trend over the whole 
range 10<sec z<39. For sec z<3 the 


+ 1°743 (1) 


probable errors of one observation are as 
follows : 


V BV 
0-02 0-01 


U-B U’-V 
0-02 0-03: 


V_R’ 
p.e. 0-01: 


The relation between V—R’ and B-V is linear 


V (B-V) 


B 
O15 


V R’ 


The relation between U’-V and B-V is 
illustrated in Fig. 1. The adopted colors of the 
sun from the four standard stars of solar type 
are listed in Table 3; the V magnitude is taken 
from the work of Stebbins and Kron“. 
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Star | Spectr. | | | 7 U’-V V-R’ 

/ # 
| 


U-vV 
ig 
> 
‘ 
0 0-5 ! 


Fig. 1. Relation between and B-V for the 


standard stars 
The observed magnitudes and colors of 
M irs are Th) | thle 1 
3. REDUCTION 
The magnitude reduced to unit distance 
from sun and earth (r= 1) and to zero phase 
m,=m—S§ logrA— ni (1) 


The phase coefficient « varies with wave length 


Table 3. Magnitude 


} B-V 


24:73 +063 


p.c 0-03 001 


is Shown by Fig. 2, where the crosses are mean 
values from the Mount Stromlo photographic 
spectrophotometry in 1952 and 1954 with 
double weight for 1954 and the dots are 


Po 
2-0} q 
= 0-9 
\ 
71-2 
413 
3 2 (p) 


Fig. 2. Phase coefficient of Mars. Crosses: Mount 
Stromio 1952, 1954; dots: Flagstaff 1954 


G. pe VAUCOULEURS 


from a new reduction of the Flagstaff observa- 
tions of 1954”: the plus is the standard 
visual value =0-015 mag/deg The values 
adopted for the reduction are listed in Table 5: 
the values for U and U’ are extrapolated on 
the assumption that «=0-0185 mag/deg 
const. for A<0°5 

The values in Table 4 so corrected were 
plotted vs. the longitude of the central meridian 

The V magnitudes for the same are about 
0-OS brighter at i=7° to 10° than at i=21 
and, since a value 0-02 is most unlikely, 
the brightening near opposition may be real: 
however, fluctuations of the order of +0-05 
mag. are known to occur at all phase angles 
Perhaps more significant is the reddenine of 
0-05 to 0-1 mag indicated by B-V, U-B and 
U’’-V at the smaller phase angles: this may be 
related to a partial clearing of the blue haze 
that, according to the observations of Dr. A. G 
Wilson (private communication), occurred 
during November The effect. if real and 
significant, may be expected to reach its maxi- 
mum at exact opposition (i=0°), i.e. when the 


and Colors of Sun 


V-R 


+010 +063 +0 48 
001 002 om 


ecliptic latitude of Mars is near 0° at opposi- 
tion, a circumstance that will occur at the 
favorable opposition of January 1961 

For the present this effect must be ignored 
and the linear classical reduction to i=0 
according to equation (1) is accepted. The 
mean magnitudes of Mars at zero phase and 
unit distance are listed in Table 6 which gives 
also the derivation of the geometric albedo p 
and of the spherical (Russell-Bond) albedo 
A=pq where 


log (2) 


if ¢, =mean semi-diameter at unit distance and 


q=2| ¢(@siniai (3) 


"| 
| 
Color 
4 
m, om 
4 
a 
ey 
i 
‘ 


Date (1958) 


Oct. 23 
i=21°4 
r=1-453 
4=0°510 


Nov. 24 


i=6°8 
r=1491 
4=0°510 


Nov. 28 


i=10°2 
r=1497 
4S=0°523 


Russell rule. 


Date (1958) 


Oct. 23 95 


Nov. 24 184 
Nov. 28 111 
Means 


(cf. Woolley”) 


Bale 
corr. (%) 


The phase integral 


UT 


Ona & 


q=2-20 4 (50°) 


log q=0-342 


Table 4a. 


217 
274° 
218° 


* Number of observations in parenthesis 


+ 0-03 


Long. 
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Table 4. Observed Magnitudes and Colors of Mars 


95 
98 
144 
163 
204 
206" 


715 


217° 


Ne 


184 
198 
240 
272 


274 


mw 


111 
115° 
149 
196° 
218° 


which cannot be directly (1) <, is actually the equatorial radius, if the 
determined since i<48°, is estimated by the optical ellipticity is 0-013 (loc. cit. p. 281), 


1-526 (8) + 1°328 (8) + 0-733 (8) + 1°9§9 (5) 

1°575 (5) + 1°30R (5) + () 741 (5) () R94 (4) 
(5) + (5S) +0731 (5) +] 978 (?) 1°047 (2) 
1°56 (18) + 1°325 (18) 0-735 (18) + 1°95 (7) 


For the sake of consistency apparent spectral variations of the 
with earlier determinations we take o,=4” 
(cf. de Vaucouleurs'’, p. 280); 
remarks must be made: 


—6 


(3a) 


20u (3b) (2) o, refers to visual observations: if the 


Reduced Magnitudes and Colors* 


however, two the following corrections to A and p may 


+003 +0025 0 —0-02 


B-} U-B U’-} V—R’ 
034 1°308 +0579 + 1-975 
027 1°326 + 1-613 
994 + 1°287 + 0-562 + 1-925 
993 1:275 +0-§42 + 1-89] 
074 + 1:260 +0644 + 1-867 — 
062 1:237 +0626 
070 + 1°255 +0641 + 1-861 
037 1:237 +0616 


147 1318 +0710 + 0-923 
119 1-300 +O 700 = 9OR 
oso + 1°260 +0679 +O 
O18 1-271 +0748 +OR54 
O10 +0670 


098 + 1°323 + 0679 + 1-033 
106 1:334 (697 

O81 + 1-316 + 686 
122 1°305 + 0-650 1-994 1-054 
OR? 1:293 + 0642 + 1-883 


the mean radius is 4”67; the correspond- 
ing albedo is 1-3 per cent greater than in 
Table 6; 


U-B V-R’ 


70 diameter of Mars are real (loc. cit. p. 63) 


be needed: 


B 


-5 0 +4 


29 
§:15 
6:14 
9:03 
11:15 
11:22 
2:45 
2: 56 
8:29 
9-55 
or 
OQ 
—6 = 
4 ; 


30 
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Table 5. Phase Coefficients 
Color V B-V U-B U’-V V-R’ 
+0015 + 0-0035 0-000 + 0-0035 + 00035 
Table 6. Reduced Magnitudes and Albedos (1958) 
U’ U B V R’ 
m, + 0-39 + 0495 0-235 1°56 | 2-505 
mM, -M + 26°49 + 26°495 + 25-865 +2517 24°705 
p 0049 0-0485 0-087 o16s 0-253 
q 0-938? 0-938 0-938 1-100 1-295 
A=pq 0-046 0-046 0-082 0-181 0-327 
= 3 o4 T 
p« 
/ 
\ 
\ 
\ 
“IF O-2F \ 
\ 
/ \ 
/ \ 
\ 
\ 
\ 
/, \ 
\ 
\ 
| ~/ 
+! | — 
3 2 i/x(u) ! 
0-0 + 
Fig. 3. Reduced magnitudes of Mars (r 1, i 3 | 
0) as a function of 1/A Crosses: Mount Stromlo es 
1952, 1954; circles: Flagstaff 1954; dots: Flagstaff Fie. 4 
1958 


The values of p and A=pgq are plotted in 
Fig. 4 where the circle marks the NRL result 
at 2700 A. The main conclusion is that while 
Mars is “red” in the visible range A> 4000 A, 


Spectral albedo of Mars (Flagstaff 1958). 
Crosses: geometrical albedo p; Russell- 
Bond albedo A= pq; circle: NRL rocket observa- 
tion. 


dots: 


it is “grey” and very dark in the near ultra- 
violet 3000<— A < 4000 A. 


If the high albedo 


at 2700A is real, all the increase must take 


place at A<3000A and may represent local- 


i 
: 
4 
a 
<7 
4 


Mount Stromlo 
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Table 7. Corrected Reduced Magnitudes 


Flagstaff 


A Mean Mean 
1952 1954 1954 1958 

3600 +0495 +0°45 
4050 +053 +0°40 
4250 +029 
4550 032 —0°53 —0-42 —0-17 —0-235 —0-20 
4945 | 1:04 ~0-88 
$430 ~1:24 —1-50 —1:37 
5550 —1:49 ~1°56 —1:53 
5980 1:86 — 1-88 — 1-87 
6360 ~2:10 —2-21 —2-15 


Note—Comparison with Mount 


Stromlo spectral data 


suggests that the Flagstaff values 


through the B filter refer to 44500 A rather than A 4550 as estimated from the transmission 


and energy curves. 


ized fluorescence in the upper atmosphere of 
Mars rather than a general albedo increase, 
due, e.g. to molecular scattering. 


4. COMPARISON WITH OTHER DATA 


Because of seasonal and accidental fluctua- 
tions the albedo of Mars varies slightly with 


the 


time. A comparison was made with 


observations of Woolley et al” at Mount 


Stromlo in 1952 and 1954 and of Johnson and 
Gardiner at Flagstaff in 1954; the first were 
by photographic spectrophotometry, the second 
by photoelectric filter photometry. 

These observations were reduced anew with 


5980-6360 


4550-4945 


~ 


-o60+ 


L 


90° 


Fig. 5. 


180° 


270° 


Magnitude of Mars as a function of central 
longitude (Mount Stromlo 1954); crosses: (i)< 10°, 
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90° 
Fig. 6. 


180° 


270° 


Magnitude of Mars as a function of central 


longitude (Flagstaff 1954, 1958). Crosses: (i)}<12°. 


phase coefficients taken from Fig. 2; in the 
Mount Stromlo series the original observations 
had been reduced in terms of Ag — A instead 
of the phase angle i. The corrected values 
reduced to i=0° are given in Table 7 for the 
1954 observations; mean values for AA 4050 
4250, 4550-4945, 5430, 5980-6360 are plotted 
in Fig. 5 as a function of longitude of central 
meridian; refer to § < 10°; no 
systematic difference is indicated. The longi- 
tude effect is small, if real it corresponds to 
maximum light for A>S000A near longitude 
w 280°; however, this is contradicted by the 
Flagstaff data for 1954 and 1958 plotted in Fig 
6. Here observations at i/<12° suggest a 
brightening near opposition. This should be 
checked at future oppositions 

Comparison of magnitudes of standard stars 
indicate that the Mount Stromlo magnitude 
system requires a zero-point correction of 
+010 +001 mag; the corrected reduced 
magnitudes are listed in Table 7 and plotted in 
Fig. 3; there is good agreement with the 
Flagstaff data for both 1954 and 1958. The 
spectral energy curve of Mars is therefore well 


crosses 


established from 3300 to 6900 A; extensions in 
both directions should be attempted at future 
oppositions. 
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Abstract 
Naval Research Laboratory 
U.S.-IGY program 
fired there in October 


with 


1958 and fifth 


results show: 


per cent higher than the Rocket Panel values for 33°N, (ii) the winter densities 
km are 10 to 20 per cent lower than corresponding summer values 
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ARCTIC ATMOSPHERIC STRUCTURE TO 250 km* 


H. E. LAGOW, R. HOROWITZ and J. AINSWORTH? 


U.S. Naval Research Laboratory, Washington 25, D.C 


rocket 
summer of 1959. The analysis of the data from the first two rockets is nearly complete 
(i) the summer densities from 30 to 70 km at 59°N are approximately 5 to 10 


Atmospheric density, pressure and scale height data have been obtained by the U.S 
Aerobee-Hi rockets fired 
Three rockets have been fired at Fort Churchill, 59°N; a fourth will be 


it Fort Churchill as part of the 


in the 


The 


will be White Sands, 33°N 


fired at 


from 25 to 40 


at 59°N; thus they are 


5 to 10 per cent lower than the 33°N Rocket Panel values, (iii) the daytime atmospheric density 
at 200 km at 59°N is higher both in the summer and in the winter than the summer value of 


14+0°5*10-7 g/m®* for 33°N obtained in August 
summer value is 6°7+2 10-7 g/m 
¢/m 


while the corresponding winter value is 3-6 + 3, 
and (iv) the summer atmospheric pressure at 110 km at 59°N is (6°-5+0°8)x10- 


ind 200 km altitude the 
~1:‘5x10-7 


1951 At 59 N 


> mm 


Hg and is a factor of 2:5 higher than the corresponding 33°N value. 


4 tentative result from the third flight has been obtained. 
at 202 km above 59°N 


density value of 1:3+06x10-7 g/m 


This winter night flight gives a 


This value is a factor of 3 lower 


than was obtained at the same latitude on a winter day and is equal to the value obtained 


on a summer day at 33°N 


1. INTRODUCTION 

The Naval research laboratory has flown 
three of the five Aerobee-Hi rockets which 
were to be instrumented for atmospheric struc- 
ture measurements in the IGY Program. These 
rockets were fired at Ft. Churchill at 1100 hr 
CST 17 November 1956, 1600 hr CST 29 July 
1957, and 1300 hr CST 24 February 1958. This 
program will be completed with the firing of a 
fourth Aerobee-Hi rocket at Ft. Churchill in 
October 1958 and a fifth at White Sands in 
1959. Partial results of the first and second 
rockets were reported’* at Toronto, Canada, 
in September 1957; a final report of the results 
above 100 km has been submitted for publica- 
tion”. The following paper briefly summarizes 


* July 1958, CSAGI General Assembly, Moscow: 
published in IGY World Data A, Rocket Report 
No. ] 38 

+ U.S. Naval Research Laboratory. 


the measuring techniques and the main results 
Finally, these results are compared to air 
densities that have been determined by drag 
measurements on artificial satellites. 


2. THEORY OF ROCKET MEASUREMENTS 
OF ATMOSPHERIC STRUCTURE 


It has been demonstrated that when 
rocket altitude and velocity are known, 
measurement of pitot-static and stagnation 


pressure permits a unique determination of the 
altitude profile of ambient pressure, density and 
temperature. It has also been shown” * 
that at altitudes above 100 km both ambient 
pressure and density can be measured by a 
pressure gage mounted on the side of a rocket, 
provided that the rocket has both a rapid spin 
and an angle of attack. Here, ambient pressure 
is obtained by selecting those pressure readings 
for which the rocket velocity is perpendicular 


= 
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to the gage orifice direction, at which time no 
ram or rarefaction exists at the gage orifice. 
These ambient pressure points can be selected 
without knowing the rocket’s angle of attack 
on a rapidly spinning rocket because they occur 
twice each cycle at exactly one-fourth of a cycle 
before and after the pressure maximum point. 
The ambient density at high altitudes is 
obtained by (i) measuring the difference P, 
between the ram and rarefaction pressures 
obtained during a single spin cycle, and (ii) 
computing the maximum value of the compo- 
nent of the rocket’s velocity which is perpen- 
dicular to the plane of the gage orifice. 

The detailed theory in references (3), (5) and 
(6) shows that the density is: (i) directly 
proportional to the pressure change P, (ii) 
inversely proportional to the maximum velocity 
component perpendicular to the gage orifice, 
and (iii) independent of the ambient tempera- 
ture. This density measurement requires: (i) 
that the rocket completes a spin cycle at essen- 
tially a constant altitude, and (ii) that the 
rocket’s angle of attack is known and constant 
during this spin cycle. 


3. INSTRUMENTATION 

Fig. 1 shows a Navy Aerobee-Hi rocket. 
One particular modification made to the rocket 
for the atmospheric structure experiment is 
that the tail fins have been canted to impart a 
spin of 1 to 1:5 c/s. The locations of the 
pressure orifices are indicated on the pitot- 
Static probe and on the nose cone extension. 
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Fig. 2. Cold cathode 


Fig. 2 shows one of the cold cathode Philips 
ionization gages. It should be noted that the 
gage orifice has a knife edge. The pressure 
measurement range of the Philips gage is from 
10-* to 10-* mm Hg; but with the condenser 
coupled cathode follower circuit used in the 
IGY rockets, pressure changes of 10-* mm Hg 
are measurable. 

Fig. 3 shows the 3-5 in. diameter pitot-static 
probe. Rapid pressure response is obtained 
by mounting the seven mechanical pressure 
gages inside the probe and immediately adja- 
cent to the pressure chambers. Two bellows- 
potentiometer gages are used for measuring 
stagnation pressures of from 760 mm Hg to 
20 mm Hg. Four membrane gages are used to 
measure stagnation and ambient pressures 
from 20 mm Hg to 10-* mm Hg. Membrane 
deflections are measured using a capacitance 
bridge coupled with an ionization transducer 
Sensitivities of as much as 0:2 V per micron 
Hg are obtained. A fifth membrane gage is 
condenser coupled to an amplifier and has a 
sensitivity of 1 V/2(10)-° mm Hg. 

In addition to the pressure sensors each 
rocket carries: (7) a 15-channel PPM/AM 
telemetering system; (i/) an optical aspect 
system to determine the direction of the 
rocket’s axis relative to the sun and to the 
horizon; (iif) a magnetic aspect system; (iv) a 
radar beacon for trajectory determination; 
and, (v) a DOVAP system for trajectory 
determination and for telemetry. 


ROCKET SKIN 
MAGNET 


RECTANGULAR 
WIRE LOOP 
ANODE 


GLASS LEAD THRU 


SECTION VIEW 


Philips ionization gage. 


VES 
ij 
Y >, 
2 
RECTANGULAR 
3 


AMBIENT SPIN 
PRESSURE PRESSURE 


STAGNATION 
PRESSURE 


Fig. 1. Aerobee-Hi rocket instrumented for atmospheric structure measurements 


: 
7 
~ 
& 
— 
— 
facing p. 34 


yiim aqoud 


| 
| 
| 
} 
” 
J 
c 
oc 
4 
| 
| 


ARCTIC ATMOSPHERIC STRUCTURE TO 250 km 


4. THE ATMOSPHERE TO 100 km the Rocket Panel value is about 10 per cent. 

In Fig. 4, density values are shown as This supports the conclusions regarding the 
points for both a summer and a winter day at summer densities obtained from 4 Arctic 
59°N; the solid curve shows the Rocket Rockoon™ flights. Also, note that the 
Panel data which is an average of all White summer density points continue at about 10 
Sands rocket measurements obtained before per cent higher than the Rocket Panel up to 
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Fig. 4. Meaured summer and winter densities below 100 km. 


1952. Note that at 25 to 40 km: (/) the 60 km and decrease to the Rocket Panel value 
density points show a seasonal effect of at 70 km. 

approximately 10 to 20 per cent with summer Fig. 5 shows the pressure points for 59°N 
values being higher; (ii) the Rocket Panel from 58 to 73 km. They are quite near the 
densities fall between the summer and winter solid Rocket Panel curve and have a slope 
data. The maximum difference between which is approximately the same as the slope 
either the summer or the winter densities and of the curve for 74°N. 
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Fig. 5. Measured pressure below 100 km. 
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5. THE ATMOSPHERE ABOVE 100 km 


Fig. 6 shows 59°N summer densities as the 
solid curve and points. The dashed curve 
depicts 33°N summer densities®. The 
points on the curve from 125 to 210 km were 
obtained from two independent Philips gages 
measuring the pressure modulaton due to 
rocket spin. The separate measurements were 
in excellent agreement with each other 
throughout the flight, and from each gage the 
same density values were obtained for ascent 


Fig. 6 


and descent portions of the trajectory. The 
density curve was extended down to 100 km 
by using the pressure curve discussed in the 
next section and the scale heights derived from 
both curves. A comparison of these two curves 
shows a much warmer atmosphere at 59°N 
and an atmosphere which is more dense than 
that at White Sands by a factor of 3 at 100 km 
and a factor of 6 at 200 km. While these large 
differences can reasonably be ascribed to the 
heating caused by the long arctic day, to 
auroral activity and to low energy corpuscular 
radiations being magnetically focused on the 
polar regions, one must not ignore the possi- 
bility of transient variations in the density. For 
example, the sunspot number for the 33°N 
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flight of August 1951 was 83 while it was 173 
for the 59°N flight of July 1957. 

The density data available from the second 
and third flights are shown in Fig. 9. The 
winter day value of 36+3, g/m’ 
for 200 km has been published’. The winter 
night point of 1:340610-" g/m’ for 202 
km is from a preliminary analysis of the flight 
data. Complete processing of the data for this 
flight will obtain density, pressure and scale 
height profiles 


Summer densities at 59° N. above 100 km 


Pressure data obtained on the summer day 


flight is shown in Fig. 7. Points above 120 km 
are computed from the density and scale height 
data™’. The dashed curve is for the Viking 7 
flight at 33°N, August 1951 

Fig. 8 shows scale heights vs. altitude for the 
29 July 1957 IGY firing and the Viking 7 firing 
These scale heights, RT/Mg, were derived™ °’ 
from the hydrostatic equation and the density 
and pressure curves of Fig. 6 and 7. To make 
these calculations it was assumed that the scale 
height monotonically increases with altitude. 
The 2 curves each indicate that the scale height 
gradient is a maximum in the 130 to 150 km 
region and that the gradient above 180 km is 
small. A small gradient at these and higher 
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points provided by Dr. Jastrow at NRL. 
MEASURED PGN ASCENT Additional points for the U.S.S.R. Satellites 
‘ | ASCENT 1957, and 1957 have not been included 


\ ESCENT because of uncertainties in the mass to area 
: PRESSURE ratio. It is interesting to note: (i) the quite 
: | close agreement between the 1957, points and 
q . KING 7 DATA the rocket curve for 59°N, and (ii) that all the 
NEW ME 


satellite density points fall between the 2 rocket 


Fig. 7. 
km 


Summer pressure date at 59° N. above 100 


altitudes would be expected from a considera- 


tion of thermal ynduction™’ in the high | ROCKET 
atmosphere with low densities if the hich 
atmosphere is being heated hy solar ra itions 5 os ieee we 


Fig 9 shows an extrapolati yn of the r Kel : 
high altitude density measurements out to 
satellite altitudes by means of the scale height ‘ 

alu s shown in Fig 4 Also chown ire ti Fig. 9 Ext e ty and satellite data 
winter day and winter night points near 200 km 
from th “rocket measurements at S9°N Al] urves This fact suggests that the average 
other \ ilues iT fr ym satellit dr ig measure- scale heights for if sp 
ments reported by the Smithsonian Astrophvysi- tv n 43 and 95 km ar that they are closer 
cal Observatory” with the exception of density the higher value 
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Fig. 8. Summer scale height above 100 km. 
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6. CONCLUSIONS 

The IGY rocket program has demonstrated 
the existence of large variations in the pressure, 
density and scale heights of the atmosphere 
above 100 km. These variations appear to be 
seasonal, diurnal, and latitudinal with summer 
values higher than winter, with day values 
night values, and with Arctic 

than temperate values This 
is tentative because of the limited 
obtained and because 


ed transient phenomena such as sun- 


higher than 


values higher 
conclusion 
number of measurements 
of observ 
activity and general circulation, 
could be factors in 
the structure of the high 


aurora! 


which 


spots 
all of significant 
det -rmining 
tmocnhere 
~i 


Fin ally 


tions can 


it should be noted that these varia- 
be best studied by using a satellite 
instrumented to measure spin pressure modula- 
The satellite should have a polar orbit 
with an apogee somewhat greater than 1000 km 

a@ perigee in excess of Further 

et measurements will be necessary to study 


region below 160 km because of the 


tions 


160 km 


extremely short lifetime for satellites below this 
altitude. 
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Abstract—The present paper is a survey of the attempts, which during recent years have 
been made at the Astronomical Institute of the Ankara University: 


(1) to determine the daily amounts of the fall-out of iron particles of meteoric origin; 


(2) to study the seasonal variations of the fall-out; and 


(3) to compare the curve representing these seasonal variations of the fall-out with the one 
representing the seasonal variations in meteoric activity. 
The results obtained up till now are critically discussed and possibilities for improving the 


methods of observation are indicated. 


1. INTRODUCTION 

The curve with which that of the fall-out has 
to be compared, e.g. the curve for the seasonal 
variations in meteoric activity, is itself not very 
well determined. A composite diagram of the 
curves obtained by several observers using 
different methods has been given by Lovell. 
In the majority of these curves a pronounced 
maximum in meteoric activity is indicated for 
August, while generally a secondary maximum 
seems to be present around October 
November. 

But while as far as these main features are 
concerned there is a general agreement between 
the different curves, there are considerable 
differences in details. Secondary waves, which 
appear to be clearly indicated in one of the 
curves, do not show up at all in the other 
curves and vice versa. Also, with at least two 
of the curves given in Lovell’s diagram, the 
October-November maximum in_ meteoric 
activity appears to be more important than the 
August one. With all other curves the reverse 
is the case. 

This is not as strange as may seem at first 
sight, because it is now generally known that 
the apparently simple problem of an accurate 
and nonselective determination of the meteoric 
activity offers many intricate observational and 


theoretical difficulties. The problem of deter- 
mining the amounts of fall-out of meteoric 
material should be much simpler because all 
difficulties due to directional selection and to 
apparent magnitude are eliminated automatic- 
ally. But actually, from the experience at this 
Institute, it appears that to obtain data on the 
fall-out which numerically are reliable is not 
too easy. 

So far all attempts have been limited to 
obtain data about the fall-out of iron particles, 
because these are the only ones which can 
easily be collected and can be separated from 
the normal amounts of dust of purely terrestial 
origin. That a steady fall-out of meteoric 
particles must be expected to occur, follows 
from theoretical considerations. For this the 
reader is referred to the studies of Hoppe, 
Oleak® and others. As appears from theory, 
after the impact of the initial meteoric mass on 
the upper layers of the earth’s atmosphere and 
after the subsequent losses of mass and energy, 
there remains a particle of small residual mass 
and of small and uniform residual velocity. The 
size of both the residual mass and of the resi- 
dual velocity depends on the initial conditions, 
such as initial mass, initial velocity and angie 
of incidence. As is discussed in Section 3 of this 
paper, it is in this respect that the observations 
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on the fall-out give some direct and positive 
results from which it is evident that in the 
lower strata of the atmosphere the gravitational 
and frictional forces almost completely 
balance. It takes the particles at least 48 hr to 
travel through the final 2 km of the atmosphere 
Consequently, one must not expect the relation 
between the curves of meteoric activity and of 
the fall-out to be a very direct one. According 
to theory, the limiting small value of the resi- 
dual is already attained at a great 
distance (at least 20 km) above the surface of 
the earth. Although the evidence about the 
small size of the residual velocity actually 
applies to the final 2 km only, we may regard 
this as a proof that the theoretical results are 


velocity 


the orbit. We may then take it that the residual 


meteoric particles may, for considerable inter- 


remain semi-suspended in the air 


vals of time 


and, with very small but still individually 
different velocities, only gradually will settle 
down on the surface of the earth. While 
during this long time interval the particles of 


differ idual mass will travel with different 


nt re« 
es, they will at the same time be subiect 
and 


earth’s atmosphere 


f large small scale 


influence of 


ind eddies in the 


cnrrent« 


This me time they settle d wn 


ins that by the 
their 


on the earth. they have completely lost 


Particles, originating from different 
meteors, will 


identities 
meteor streams and from sporadic 
have been thoroughly intermixed 

Thus, what we must expect to find when the 
curves for the seasonal variations of the 
meteoric activity and the fall-out are compared 
is that the latter will be a replica of the first. 
but with the details smoothed out. Also, there 
may be a en the two curves 


In the attempts to evaluate the daily amounts 


time delay betwe 
of the fall-out, two different methods have been 
used The first method is based on direct 
counts of the numbers of iron particles which 
in the course of one day settle down on a sur- 
face of a given area. This method and the 


results obtained so far are discussed in Section 
2, 3, 4 and § 

The second method is less direct and is based 
on estimates on the amount of darkening that 
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particles, collected from the same _ surface, 
cause to appear on a white piece of plastic. 
rhe results are discussed in Sections 6 and 7. 

As yet neither method has given results 
which are entirely satisfactory. Ultimately, the 
curve of the fall-out will have to be compared 
with the curve of meteoric activity based on 
day and night observations, e.g. those based on 
radar observations made at the same latitude. 
(This because there are reasons to suspect that 
the fall-out may not be identical in all 
latitudes.) However, in the determination of 
both the curve of the fall-out and of the 
meteoric activity, there remain so many doubt- 
ful points that at present such details can be 
T 


1ecle 


Perhaps some additional information could 
be obtained if measurements were made at 
particles 


cosmic 


various sites: the 


cannot always safely be ascribed to 
origin In at least one series of the 
observations, which will be described. the 
influence of heavily industrialized areas shows 


ybservations made at 


that the 


up. From the series of 
Ank ira it 
results are strongly affected by climatological 
Days with rainfall cause large 
fluctuations to appear in the observed curve 
The nature of these such that 
2 values of several days are 


appears further numerical 


circumstances 


fluctuations is 
ven when mean 
used, the resulting curve is quite unreliable 
Therefore, attempts to determine the shape of 
the curve on the fall-out should be restricted 
to favourable sites. These are sites outside 
industrialized districts and in 
with little rainfall. In this respect the situation 
at Ankara is good, because there hardly is any 
industry while long and uninterrupted stretches 
of dry weather occur in all seasons of the year 
On the other hand, here also large accidental 
errors show up in the determination of the 
daily amounts of fall-out. But the observations 
could be continued over such long periods of 
time that it was possible to trace the origin of 
most of the errors, and it is hoped that with 
future observations they can—partly at least 

be avoided. It still will be valuable if observa- 
tions are repeated at another site, for it is 
known that impurities can be carried over long 


urban regions 


x 
vel 
to th 
. 


Moreover, the effect 
of different latitudes might be of relevance. 


distances through the air. 


2. COUNTS OF PARTICLES 
Results of continued sets of observations in 
which the numbers of particles in the fall-out 
were daily counted were published by Kizilir- 
and Siislii” 
Here only a slightly different version of the 
composite curve given by Siislii is reproduced 


(Fig. 1). This curve gives the seasonal varia- 
600; +—+ \ 

| I 
500}—_+— VA 
| WW 
400} 
| 
vax 
/ J 
Fig.1. Seasonal variations of the r bers of 
part lee in the Upper rve by 
Sus! lower curve by Kizilirmak Ordinates 
are observed numbers per day on surface o 
0-8 m* 


tions of the numbers of particles in the fall-out 
[he scale is indicated on the left hand side of 
the figure, while the months of the year are 


indicated at the bottom. Black dots indicate 
the results obtained by Kizilirmak during the 
year 1954, open circles those obtained in 1955 


circles and dots indicate 


by Siisli. The bla 
normal points which generally represent the 
mean of ten For 


consecutive observations. 


reasons which will be explained, there had to 
be excluded not only the observations made on 
days of rainfall, but also those on the first and 
second day after rainfall. So for several normal 
points less than ten 
were available. 


individual observations 
In the figure this appears from 
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the sizes of the discs and the dots which were 
taken proportional to the number of observa- 
tions, the largest size corresponding to ten 
observations. The general shape of the two 
curves is identical. From a deep minimum 
around February, the curves rise with irregular 


fluctuations until a September maximum. A 
secondary maximum seems to be present 
around October-November, but the minimum 


around September—October needs further con- 
firmation as do all of the secondary fluctuations 
in the curves. This reservation should not 
only be made on the general grounds stated in 
Section 1, but also because: 
(1) the standard error in the determination of 
the individual observations is large, and 
(2) there obviously is a strong personal bias 
in the way the numbers are counted 
As far as the standard error is concerned, 
the following remarks must be made. The 
counts were continued during the year 1956 in 
such a way that the numbers of particles were 
determined by both observers 


ndependently 


In a subsequent paper, Kizilirmak™ has 
reported on these further observations. He 
has determined the size of the standard error 
in two different ways. In the first place a 
smooth curve was drawn through the norma! 
points, based on ten observations each, and the 
scatter of the individual points around this 
smooth curve was iluated. Let N; be the 
numbers of particles as obtained from the 


individual observations, N., those read from the 


normal curve [hen the error affecting the 
ratio N,/N, can be obtained from the usual 
relation 
[log 
For the two observers Kizilirmak finds the 
numerical value 29 and 0-25 


When the values obtained by the two different 
observers are compared in a similar way, the 
error in the ratio N,/N, is found Its 
numerical value appears to be « = £0-38 which 
would correspond to an error of +0-28 for 
each individual observer. The size of these 
standard errors is unsatisfactorily large. An 
error of +0°38 in the logarithm of the ratio 
Ni./N;, corresponds to an error of (2—4)+' in 


> / 
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the ratio itself. This means that when two 
different observers under identical circumstan- 
ces count the number of particles on one and 
the same plate, it is quite possible that the one 
observer finds a number which is either 2-4 
times larger or 2-4 times smaller than the 
number obtained by the other observer. For 
such a simple problem these differences seem 
to be astonishingly large and it may be worth 
while to probe into the reasons for this. Before 
proceeding to do so, it should be remarked that 
there is some other point with the numerical 
value of ¢ which needs clarification: 

When for each observer the value of « is 
determined from a direct comparison of the 
two sets of values N,, the resulting value of ¢ 
corresponds to a pure observational error. 
Thus, o° On the other hand, when the 
numerical value of « is derived from the scatter 
of the individual observations around a 
smoothed mean curve, the resulting error c 
represents the combined effects of two sources 
of error. Of these the first is the pure error of 
observation and the second is due to the true 
accidental variations in the daily amounts of 
the fall-out. Thus, c*=¢ We should 
therefore expect the latter value to be the lar- 
ger one. Actually the two values which 
Kizilirmak gives are of almost equal magni- 
tude. It would be premature to conclude from 
this that the accidental variations in the 
amounts of the daily fall-out are small. This 
is not so because the size of the values is 
too large to allow any definite conclusion, and 
because a direct comparison of the two sets of 
values N, may give a value of 
As remarked before, Fig. | gives rather 
evidence that there is considerable 
systematic difference between the two sets of 
observations, and this has not been taken into 
consideration in the values * given by 
Kizilirmak, mainly because this systematic 
difference seems not to be quite constant 


which is too 
large 


strong 


It seems probable that both the personal bias 
and the large size of the standard errors are due 
to the distribution curve of the particle sizes 


In his extensive study on meteoric dust, 
Hasegawa“? gives the distribution curve by 


particle size obtained by different observers, 
mainly in Japan, together with the distribution 
curve as deducted by Millman‘? from theoreti- 
cal consideration. All curves have one feature 
in common: With decreasing values of the 
diameters there is an exceedingly rapid increase 
of the numbers of particles. Several of the 
observed curves show a sharp drop of the num- 
bers of particles beyond the limit Su, but this 
must be ascribed to the fact that here we are 
beyond the limit of completeness. It is easy 
to understand that the extreme steepness of the 
distribution curve of the particle sizes must 
have affected the series of observations made 
at Ankara. When two different observers 
count the numbers of particles on the same 
plate, the limit of completeness down to which 
they count is not necessarily the same, and 
even with one and the same observer, due to 
the influence of personal disposition, fatigue, 
etc., daily fluctuations are unavoidable. Though 
the difference between the two limits may be 
small, it still will result in a considerable devia- 
tion in the observed numbers of N,. Presumably 
this explains the large systematic difference in 
Fig. | between the results of different 
observers. From the above it would appear 
that both the large size of the standard error 
and the pronounced personal influence of the 
individual observer in the future possibly can 
be avoided when the diameter of the particles 
is also taken into account 


two 


3. CLIMATOLOGICAL INFLUENCE ON THE 
COUNTED NUMBERS OF PARTICLES 

Especially during and shortly after periods 
of rainfall, the numbers of particles which are 
counted vary in a highly irregular way. At the 
request of the author, Kizilirmak has collected 
all data which were available for cases when 
either one day of rainfall or a short period of 
rainfall were both preceded and succeeded by 
continued stretches of dry weather. In the 
mean the total numbers of particles before and 
after rainfall should be equal, but this does not 
imply that equal numbers will be observed 
During rainfall the volume of air between the 
rain-producing layers of a cloud and the surface 
of the earth will be swept clean of particles. 


at 
2 > 
BY 
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So immediately after rainfall no particles will 
settle down on the surface of the earth. They 
will only reappear after a time interval equal 
to the time the particles need to travel the 
distance from the clouds to the earth. 
Altogether Kizilirmak found eleven cases for 
which this could be tested. For these cases 
he has tabulated the observed numbers 4, 3, 
2, | and 0 days before and 1, 2, 3 and 4 days 
after rainfall. Instead of reproducing his tabu- 
lated numbers here, his results have been 
represented graphically in Fig. 2. As expected, 
on the days of rainfall itself hardly 
particles are observed It is interesting to 
observe that when the particles reappear, their 
numbers do not immediately return to normal. 
After 


curve 


any 


a sharp initial the gradient of the 
indicating the and 
finally the curve merges asymptotically into a 
Iherefore several 
conclusions can be drawn from Fig 


rise, 
numbers 


decreases 


horizontal one interesting 


2, though 
as yet merely qualitative ones 


L 


Fig. 2. Influence of rain on the numbers of particles 
From meteorological data it appears that the 
height of the rain-producing clouds in the mean 
was 2 km. Fig. 2 proves that for the swiftest 
moving particles it takes less than | day to 
travel through these final 2 km, while for the 
slower moving particles this may take up to 3 
days and more. From these data a certain 
mean residual velocity can be derived, and it 
is satisfactory that this is of the same order of 
magnitude as predicted by theory. For obvious 
reasons, One expects the differences in the resi- 
dual velocities to be related to the initial 
condition, e.g. the initial velocity, the angle of 
incidence and especially the initial mass. The 
particles of large residual mass also should be 


those with large residual velocity. Unfortu- 
nately, Fig. 2 gives no information about this 
point. Also the curve in Fig. 2 is a mean 
obtained from observations, distributed over 
the whole year. However, in the different parts 
of the year the mass distribution curve of the 
particles is not necessarily a constant one. In 
this also, the that more 
detailed observations are needed in which the 
size of the particles is taken into account. 
he first aim should be to improve the deter- 
mination of the shape of the ascending branch 
of the curve in Fig. 2: The time inters 
one day each are rather too long. The 
will have to be counted ;¢ 
after the end of rainfall; and while the 
of particles are counted, 
estimated at the same 
In another respect the information given by 
Fig. 2 is quite definite. It proves 
a period of rainfall and for a few 
wards, the numbers of particle 


case conclusion is 


als of 
numbers 
ifter 6, 12, 18, etc., hr 
numbers 
their size must be 


time 


that during 
after- 
fall-out 
remotely related to the 
true numbers. So whenever the seasonal varia- 
tions in the fall-out are studied by counting the 
numbers of particles at any site, all observations 
made during a few days after either continued 
or intermittent periods of rainfall must be 
Conversely from direct counts, 
results can only be expected if the observations 
afe carried out at a site where during any part 
of the year long and uninterrupted stretches of 
dry weather occur Violent storms are 
extremely rare at Ankara, so that our obser- 
vations do not contain any direct information 
about this point, but it is obvious that all 
observations carried out under such unfavour- 
able circumstances are better discarded. 


d Lvs 
in the 


are abnormal and but 


excluded 


4. THE INFLUENCE OF INDUSTRIAL 
ACTIVITIES ON THE COUNTED NUMBERS 
During the year 1956 a simultaneous set of 

observations on the fall-out were carried out at 
the Heidelberg Observatory (Germany) by 
Kizilirmak and by Siislii at Ankara. It was 
hoped that in this way sufficient material for 
intracomparison could be obtained. The 
method used was that of the counts of particles. 
During that year weather conditions at Heidel- 
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berg were unfavourable, so that continued sets 
of observations could hardly be obtained and 
no curve for the seasonal variations could be 
obtained. So the series of observations carried 
out at Heidelberg need only be considered 
briefly. Still one result of m re general interest 
was obtained The area to the northwest of 
Heidelberg is heavily industrialized so that 
there was a possibility to test the influence of 


industrial activities on the fall-out The 
served daily numbers were arranged into 
groups, each group corresponding to a certain 


direction of the prevailing wind that day. When 
for each group mean values were computed, it 
appeared that these mean values < stematically 


denended Tal the dire tron of the wind 


ma Irred hen the wind was from 
the northweect te. from the direction yf the 
th mi Tre hal the fall sph 
dark rarts irred which veneral 
ward Trance mead vite different from 
bserved. For details the reader 
red th riginal pa r Kivilir 


«+h } ec on th 
f t ch i not he TT? ~ industrial- 
: 1 area But this is a point that is ilmost 
celfie lent and it ic hichly improbable that 


any observer would select such a site to start 


5. THE CURVE FOR THE SEASONAL 
VARIATIONS 
The aiscussions in the previous sections have 
given some insight as to the meaning of the 
Therefore it is 
worth while briefly to reconsider the evidence 


numbers which are observed 
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contained in Fig. | about the seasonal varia- 
tions in the curves on the fall-out. The large 
systematic difference between the two curves 
may now be taken to indicate the difference 
between the limits of completeness which the 
two different observers have attained. But the 
size of this systematic difference makes it 
obvious that any attempt to give a numerical 
interpretation of the curves would be prema- 
ture. Also, there is the disadvantage that the 
great size of the systematic difference makes it 
impossible to ymbine the results obtained by 
d ferent observers into one set As yet the 
curves have to be studied separately rhe 
question may be raised as to how far a 
qualitative interpretation is already possible 
Some general trends in the observed numbers 
-m to be well established 


From a minimum in March the fall-out in 


the mean imcreases until a ertain maximum 
rea hed ind newt de reases again Th -xact 
tin f the maximum is of interest. From } i. | 
ppear that thie maximum af the 
sarliest is in September Compared to the 


this is a delay of 


vithin 


th yssitbili- 


sel mterectin to ha 


identi 


hef Irs ny definite conclicione the 
reculte of furth r oheer itrons must he tilted 


” hi h the sizes of the particles have been 


taken into account As to the many jagged 
peal . ind irregularities which appear bh th on 


the ascending and descending branches of the 
curves in Fig. |, as yet little can be said. The 
appearance of some peaks roughly coincides 
with the occurrence of one of the well known 
day or night time meteoric streams. At differ- 
ent imstances meteoric streams are observed 
throughout the course of the whole year. 
herefore, as long as there is no 1:1! corres- 
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‘Sue 
vas applied to the Ay cer oheerva month Such a delay ic vi 

«ur n the ohcerved numberc lifferen fixed in amore a urate 
Wervations free from the influen Tae nor those on the fal ut are sufficient! 
yf tria It known thar rmined. It is to he observed that the curvec 

marty < Ler naoall cme he » th ire mean ur slid f 

ory the of ac vet kh cafal | ry no means ertain that f 

Nut man entirely lefinite farm fn the ther part! le« for 

obset atl on the fall-out 
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pondence, such coincidences must be con- 
sidered as accidental. This does not mean that 
a possible relation between a given peak in the 
curve on the fall-out and one of the meteoric 
Streams must a priori be denied. But on the 
ground of the present material such a direct 
relationship cannot be established 
Summarising, in all questions we have taken 
up im the preceding were 
confronted by the necessity of having further 
observations in which the numbers of particles 
were not only counted but in which also their 
sizes are considered. It is evident that such a 
program, however necessary, will be elaborate 


sections, we 


and time consuming Consequently, first the 
possibilities of another method were con: idered. 
from which it was hoped to obtain quick and 
The first 


accurate experimenta! stages 
method hay 2 heen comr leted 


of this 
and are described in the subsequent sections 
As y 4 | the 


tations, 


results 


alternate 
results have not 
expe but from a critical 
it would appear that they can be 
further improved 


come up to 
examination 


considerably 


6. THE METHOD OFF “STEP” VALUES 
This method was first tried by Kizilirmak 
Instead of a bar 


macnet ar) 


plat le 
this way on the plastic a faint black ring is 
formed 

[t is evident that the intensity of the rine w 
directly be related to the numbers of particles 
In first approximation this relation can be ex- 


pec ted to be a log rithmic one 
after ind 


was selected of incre 


The rings were 
these a 


btained day day from 


ising darkness 


[hese rings of different standard intensity were 


sequence 


numbered S,, S.,.... S,,. so that S, corres- 
ponds to minimum intensity while S,, is the 
one of largest intensity. Once the standard 


sequence S has been selected, the intensity of 
a ring obtained at any particular day can be 


electromagnet of 
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fitted into the standard sequence by simple eye 
estimate, while decimal! fractions can be estima- 


ted. The method therefore closely resembles 
Argelander’s method of “Stufenschitzungen” 
which very accurately gives results with the 
variable stars. An attempt was made to adapt 
this method to less favourable weather condi- 
tions. Instead of the large glass plate, two wide 
trays used in which the 
allowed to settle down during 
periods of 24 hr. Of these trays one was filled 
with water, the other was kept dry. On a day 
of rainfall following a stretch of dry weather, 
the rain carry along the particles in the 
ur and these particles will be deposited in the 


ectangular were 


particles were 


will 


water-filled tray. So it is to be expected that 
immediately after rainfall the dark ring 
obtained from the wet tray will have too large 
in intensity Thic reac nine seems to he con- 


firm hy the ‘ryvations 


It may be assumed 


that at different altitudes the net flux of the 
nar les i | rd iy lly th } 
vill rv witi the i7e of lec 


y 

tn Ver rav Vi for rticie Siz 
wresngo 1 ta th la »f r 
th iar siz for ] } refi. 


’ \ ’ it d r i r 
r h ir r r 

in b led w \ 
with § alues ybta luring S ry 
itt r th yucl ir »f 
dry veather in the wrest nding seasol of a 
different year But d iring the winter mnths 


reliable S values for dry weather periods are 
difficult to obtain so that for a direct 
son the material is inadequate. Therefore in 
this paper all evidence as to the intensities S 
as obtained from the wet tray have entirely 
been neglected. An additional reason for this 
is that unexpectedly the standard error in the 


ympari- 


J 
a but if the rain continues after the first day, the ae 
constant field strength VO G, was used To cally he intensity of the ring obtained from 
one end \f the har magnet i piece white trav should 7. » firct 
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determination of the daily values S$ proves so 
large as to be unsatisfactory It can 
immediately be determined by comparing the 
§ values obtained every day and during a long 
period of time from two trays with equal 
surface (both dry). The resulting numerical 
value of the standard error proves to be 
L0-07 which roughly corresponds to an 
£0-21 in the logarithmic 

This 

Usually 


ratio of 
ational 
method of 


error is a purely obser 


Argelander’s 


the internal erro 


with 
values timates 
proves to be small 


of the 


ise he 


Therefore, the large size 


standard error which turns up mn this 


taken © indi ite either that there 


Te onsiderable local irregularities in the 


lencityv of the fall-out or th if the method used 


atc further impr vement Though the possi- 


denied, 
they ¢ h irdly he expect d he of the mag- 


bility of local irregularities cannot be 


nitude is suggested hy this numerical value of 
Hence. it must be expected that the large 
error mainly arises from the way the method 
has been executed 
The first 


examined is 


point 
the 


which must be critically 
way in which the relation 
between S and the corresponding values N was 
established. For all days on which both S and 
V had been observed, the values § were plotted 
against the corresponding values log N. 
Through the points obtained in this way, a 
smooth curve was drawn. This curve repre- 
sents the mean relation between S and log N. 
It is not necessary to reproduce this curve here. 
It is sufficient to state that it is a non linear 
one. For an analytical representation some 
equation of the form 

§=A+BlogN+C (log + 
would have to be used and the numerical value 
of the coefficient C would be relatively large. 
Both with § and log N only the intermediate 
values are frequent. 

As the standard errors in both the determina- 
tion of S and log N are large, this means that 
the curve remains badly determined at both 
ends and that only the intermediate part is 
acceptable. For future work it seems prefer- 
able to set up a new standard scale of S values 


in such a way that a purely linear relation 
between the values S and log N is assured in 
advance. If such a curve could be set up, only 
its zero point would have to be fixed. It 
should be possible to establish such a purely 
linear scale. A further question which must be 
considered is whether the constancy of the 
standard scale of S values which was used is 
sufficiently guaranteed The standard rings 
S §., which were selected, were placed 
between glass plates and kept in a dark pla 
They were always handled carefully when the 
estimates of the daily values S were made, but 
it still whether the 

S,, will remain a constant. The samples 
consist of loose particles which have been knit 
under action of the 
magnet. There to be the danger that 
gradually the aggregate of particles will loosen 
up and the rings will fade. Also deterioration 
under influence of atmospheric circumstances 
cannot be discarded without more considera- 
tion. Consequently the scale which has been 
used until now must be considered as being 
unreliable. The only way out for future work 
seems to fix the scale photographically. This 
implies that also photographic reproductions 
will have to be made of the rings which are 
collected daily. As long as care is taken that 
this is done under standardized conditions 
there is no objection to this. Standardization 
of the scale will not be sufficient unless at the 
same time means are found substantially to 
decrease the size of the standard error of the 
individual values of S. 


is dubious intensities § 


more or less together 


seems 


As described before, the rings are formed on 
the plastic when the magnet is swept back and 
forth over the bottom of the trays. When the 
electromagnet is swept over the surface by 
hand, the iron particles will mainly be collected 
on the side of the forward motion of the 
magnet. Hence, when the magnet is swept 
back and forth over the surface, the ring thus 
formed will have a tendency to have too large 
a density at two places opposite each other 
while the intermediate regions will have a lower 
density. Also when the magnet is swept by 
hand over the surface, the distance between the 
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bottom of the tray and the end of the magnet 
will not always remain a constant. Further ob- 
jections against the way the alternate method 
has been executed are: 


(1) The magnet will not always remain in a 
vertical position; this may cause 
additional irregularities in the outward 
appearance of the ring. 

When the surface is swept over by hand, 
we cannot be sure that all different areas 
have been covered with equal care; there 
may occur variations from one area to the 
other and also from one day to the other. 
It would seem that the large errors which 
turned up in the estimated values of S can 
largely be explained from the various causes 
mentioned above. This implies that the method 
of execution urgently needs improvement. 


7. SEASONAL VARIATIONS IN THE S CURVE 

In his paper Kizilirmak™ has given a curve 
representing the seasonal variations of the ob- 
served values of S for the year 1957. With a 
view to the many objections raised in the 
preceding sections, his curve must be 
considered as a preliminary one needing further 
improvement. For this reason it is not repro- 
duced here. A short description will suffice, 
while it is interesting to notice that its general 
shape is of the form which should be expected. 

From a minimum around March the curve 
rises in an irregular way to a maximum around 
October and next decreases again. Both the 
amplitude of the major wave and those of the 
irregularities on the ascending and descending 
branch of the curve are smaller than those 
which appear in Fig. 1. This is natural 
because the values of S are roughly propor- 
tional to the logarithms of the numbers and 
therefore, relative to the curves representing 
numbers, the S curve will be flattened. In this 
case also with a view to the large size of the 
standard error affecting the S value, no atten- 
tion will be paid to the secondary variations. 
It is satisfactory that in having one pronounced 
maximum and one pronounced minimum the 
general shape of the S curve seems to corres- 
pond to those based on the direct counts of the 


numbers of particles in the fall-out. The time 
of the minima seems to be the same with all 
curves. Relative to the curves in Fig. 1, with 
the S curve there seems to be a time lag in the 
occurrence of the maximum. As yet with all 
curves the exact occurrence of the maximum is 
but indifferently determined and subject to 
doubt. So this time lag must be accepted with 
great reserve and needs further confirmation 
Some caution is needed because the S curve 
and those on the fall-out are not necessarily 
identical. The curves in Fig. | refer to particles 
down to a certain limiting size of the 
diameter. It may be presumed, that the esti- 
mates of the intensity S refer to all particles 
including those which can no longer directly be 
counted. Theory predicts that the numbers of 
these infinitesimal particles are very large and 
consequently their contribution to the total 
intensity S may not be negligible. So only if in 
the lower layers of the air we always have to 
deal with the same mixture of particles, e.g. if 
the distribution curve of the particle sizes re- 
mains a constant, a one-to-one relation between 
the numbers N and the intensities § can be ex- 
pected. When large-scale irregularities occur in 
the flux density of the particles colliding with 
the upper layers of the atmosphere, there is no 
longer any certainty that the mixture of par- 
ticles in the lower layers will actually remain 
constant. So certain relative shifts between the 
S and N curves cannot a priori be considered 
to be impossible. This point needs further in- 
vestigation, but such investigations must be 
postponed until sufficient accurate material has 
become available and the shapes of the § and 
N curves have been determined in a more 
accurate way. From these considerations it is 
evident that the seasonal distribution curve S§ 
has a restricted meaning. At any time the value 
S will indicate the total intensity due to all par- 
ticles together and without respect to the dis- 
tribution curve for the diameters. The distribu- 
tion curves corresponding to equal values of S 
may be different. In this respect the informa- 
tion given even by an improved S curve is 
bound to be less complete than that given by 
direct counts of particles in which the sizes of 
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the particles are also taken into consideration. 
But on the other hand, because the S values 
also include the very small particles, they will 
give a valuable extension of the observations 
towards these smaller particles, so that their 
special behaviour can be studied 

It must be observed that the estimates of the 
S values were introduced in order to have a 
method which would give quick and accurate 
results and which could be continued even dur- 
ing periods of unfavourable weather. From an 
inspection of the results hitherto obtained, it 
has appeared that the degree of accuracy which 
is desirable has not been attained 


8. THE TOTAL MASS OF THE FALL-OUT 

Nothwithstanding their large numbers, the 
combined weight of all particles which daily set 
However, for the 


given in Fig. | 


on a limited surface is small 
two curves which are a single 
smoothed curve can be provisionally substitu- 
ted. Without any danger this smoothed curve 
can be extrapolated so as to cover the 
indicated 
It is evident that when the combined 
ve all particles in the 
fall-out during a certain period, say from 1, to 


the total weight W of the fall-out in the 


whole 
year. Let this provisional curve be 
by f(r) 

weight w is determined of 


read from 


The values of the integrals can be 


the smooth curve. Conversely, once W has 
been determined, this relation enables us to find 
the weight of the fall-out during any subperiod 
It is obvious that the choice of the initial in- 
must be made in such a way 
that during this interval there is uninterrupted 
dry w 
Kizilirmak* has applied this method to his 


stants f. and 7 


-ather 
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observations. During a period of 95 days 
= 29 June 1956; 1, =4 October 1956) the iron 
particles were allowed to settle on a plate with 
a surface of 1:28 m*. At the end of this period 
the iron particles were collected on a small glass 
plate attached to the end of a bar magnet. For 
w the value (1-6+0-1)mg was obtained. If it 
is assumed that the fall-out is uniform over the 
whole surface of the earth and if for this sur- 
face the value m* is adopted, for 
the total fall-out in the course of a year the 
value 
W 10° kg/S 

As yet this number needs further 

Bearing in mind that only the 
iron particles in the fall-out have been collec- 
ted, this provisional value would seem slightly 
on the large side 

It would seem that from the series of meas- 
urements on the fall-out which have been car- 
ried out at Ankara some significant results have 
been obtained: they are significant because 
they represent first results. But the accuracy of 
the measurements proved to be less than was 
hoped for. On the other hand, we believe that 
we have been able to trace the reasons for the 
large accidental errors which turn up in both 
methods. If our reasoning was correct it should 
be possible in the future substantially to reduce 
the size of the standard errors 
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Abstract—The diurnal variations 
Macquarie Island (ge 
of incoming protons and electrons 
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flux 
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1. INTRODUCTION 

Recent reports of observations carried out 
during auroral disturbance by Romick and 
Elvey Galperin®’ and others, show the im- 
portance of hydrogen ion bombardment in the 
formation of a display. Their observations 
show that the maximum of hydrogen emission 
does not correspond in time with maximum 
visual auroral activity, and that 
may also be received when there is little or no 
visual auroral activity 

lonospheric observations carried out at Mac- 


radio echoes 


quarie Island (54°5°S, 159-0°E) at geomag- 
netic latitude 61-1°S, are in agreement with 
these observations. The development of an 


auroral display as observed from one site, has 


a time sequence which, when averaged over a 
number of displays, produces a consistent diur- 
nal pattern. The analysis of echoes from 
sporadic E-ionisation shows that there a 
corresponding diurnal pattern in the ionisation 
present in the E-region. In this paper it has 
been assumed that two identifiable types of 
sporadic ionisation result from entry into the 
E-region of hydrogen ions and electrons after 
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The resulting pattern of precipitation in the atmosphere explains qualitatively the regular 
diurnal features of the occurrence of sporadic E-ionisation. An extension of the theory provides 
1 basis for interpretation of the observed development of visual auroral display, with 
particular reference to the mode of formation of visual auroral forms. The the ry explains 
the origin of the field responsible for the S,, magnetic variations and is in agreem ‘nt with the 


itions observed in the north polar regions by 


being accelerated by a process controlled by 
the earth’s magnetic field 

he resulting pattern of particle precipitation 
explains the regular features of the develop- 
ment of an auroral display, and shows how 
auroral observations may interpreted to 
provide information about the accelerating 
process. The theory provides a basis for the 
study of the origin of visual auroral forms and 


be 


demonstrates the likely importance of the S, 
and dynamo electric fields in the development 
of these forms. The part played by the 


dynamo field in the control of radio wave ab- 
sorption in the auroral zone is discussed 


2. THE DATA 

Published results of ionospheric” and mag- 
netic’ observations made at Macquarie Island 
have been used in the analysis. At the begin- 
ning of the International Geophysical Year, 
classification’ of the sporadic E-types observed 
in the routine ionosonde records com- 
menced. In Fig. I(a), (b), are shown the per- 
centage occurrence curves for 10 months from 
July 1957 to May 1958 inclusive, for the prin- 
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cipal nocturnal types f, a and r. Type | has 
been included with type f because the seasonal 
variation of sunset and sunrise times makes 
the distributions for these two types overlap. 

Figure 1(b) also shows the percentage occur- 
rence of complete absorption derived from the 
hourly observations for 4 equinoctial months 
during the period September 1951—March 1953. 
The form of this distribution is maintained 
for all equinoctial and summer months at Mac- 
quarie Island and the times of occurrence of 
the main features of the distribution are in- 
dependent of mean solar activity. The distri- 
bution has therefore been used for comparison 
with sporadic E-occurrences in 1957-1958. 

The use of B as a quantitative measure of 
absorption has numerous difficulties. In the 
subsequent discussion, however, the only part 
of the distribution referred to, occurs between 
the hours 2000-0500, 157:5°E.M.T. During 
this period the principal experimental effect is 
the gradual decrease in F-region critical fre- 
quency, an effect which can be expected to pro- 
duce a gradual increase in the occurrence of B 
without any quantitative change in the amount 
of absorption. More rapid variations during 
this period can be attributed to variations in 
the absorption of the reflected wave 

The magnetic data, Figs. 3 and 4, are ob- 
tained from the hourly values of mean hori- 
zontal intensity and the daily time of occur- 
rence of maximum disturbance in horizontal 
intensity measured during the period 1952 
1954. The times of occurrence of the princi- 
pal features in these curves are also indepen- 
dent of mean solar activity, and they have 
therefore been used for comparison with more 
recent data on sporadic E-occurrences without 
prejudicing the conclusions drawn. 


3. DISCUSSION OF THE OBSERVATIONS 

From Fig. l(a) it is evident that the occur- 
rence of sporadic ionisation at Macquarie 
Island is distributed fairly symmetrically about 
midnight. This fact is confirmed by the diur- 
nal distribution of sporadic E-percentage 
occurrence of all types over a period of 7 years 
at this station. When the percentages of occur- 
rence of the different types are separated, two 


subsidiary peaks F, F’ and A, A’, are present 
at 2130 and 0230 hr. The relative percentages 
of occurrence of f and a types are consistent 
with the observations of a number of authors, 
namely that @ type sporadic E is associated 
with enhanced auroral and magnetic activity. 
The two peaks, F and F’, could well be 
derived from the occurrence of a type sporadic 
ionisation because the transition from f type 
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Fig. 1. (a) Diurnal distribution of hourly percen- 
tage occurrence of sporadic E- types at Macquarie 
Island. (i) f +! type E, : @— ® (ii) a type 
E.: 

(b) Diurnal distribution of hourly percen- 
tage occurrence of high absorption and sporadic 
E at Macquarie Island. (i) high absorption: 
eo ©. (ii) rtypeé,: @ 


to @ type is not clearly defined on many iono- 
grams 

Figure I(b) shows the hourly distribution of 
occurrence of r type sporadic ionisation and B 
(complete absorption). r type ionisation is 
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distinctive in form, displaying group retarda- 
tion near the critical frequency and thereby 
showing the characteristics of reflection from 
a layer of considerable depth, with a maximum 
of electron density at some distance above the 
bottom of the layer 

Two principal peaks of occurrence, R and 
R’, are evident for r type ionisation at 2030 
and 0130 hr. It may be noted that these peaks 
are displaced by | hr from the peaks of 
rence in the f and a type distributions, and 
that the percentage occurrence of r type ionisa- 
tion at these peaks is approximately equal to 
that of the a type ionisation 

Working at College, Alaska, Romick and 
Elvey™ have found that the zenithal maximum 
of intensity of H& radiation almost invariably 
precedes the maximum in intensity of the 4709 
A line of Ni by times greater than 1 hr. H®@ 
radiation in the zenith is normally associated 
with quiet forms of visible aurora in the lower 
sky, while the 4709 A line is associated with 
the more active forms of aurora in the zenith 
Further they find no evidence of the dispersal 
of H® radiation over the whole sky at the 
onset of more active auroral forms 

Little and Leinbach” have tentatively cor- 
related high absorption at vertical incidence 
with pulsating aurora, while Major after 
observing at Macquarie Island, has stated: 
“There is a closer resemblance between the 
nocturnal variations of intensity of the aurora 
and frequency of occurrence of complete ab- 
sorption than there is between frequency of 
occurrence of pulsating and flaming auroras 
and complete absorption.” 

When Fig. 1(b) is examined it is found that 
the form of the equinoctial absorption curve, 
between the hr 2000-0500, follows very closely 
the form of the average hourly intensity of the 
4709 A line of N* at College. The form of 
the r type sporadic ionisation curve and its 
position in time relative to the absorption 
curve are similar to the average hourly inten- 
sity of H®@ radiation at College. 


occur- 


4. MAGNETIC SEPARATION OF AURORAL 
PARTICLES 
The following assumptions are made to ex- 
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plain the time variations of sporadic ionisa- 
tion and auroral occurrence. 

(a) The E-region reflections which are 
classified as r type E,, are derived from ionisa- 
tion caused directly by the entry of hydrogen 
ions or protons into the region, and the time 
variations of r occurrence represent the time 
variations of the hydrogen ion flux 

(b) The E- reflections, which are 
classified as a type E,, are derived from ionisa- 
tion caused directly by the entry of 


electrons 


into the region, and the time variations of a 
occurrence represent the time variations of 
auroral electron flux. 

consistent with the 


These assumptions are 
observed height distribution of ionisation in 
the two forms. r type E, is characterised by 
the presence of group retardation which indi- 
cates an extended ionisation above 
the lowest height of occurrence of a type | 
This would be expecied to result from the 
lifference in penetration of protons and elec- 
trons whose energies are approximately equal 


region of 


(c) The particles are accelerated by a pro- 
cess such as that proposed by Cole” so that 
their mean energies are approximately equal 
and the major component of particle velocity 
is along the earth’s magnetic field. 

(d) The accelerating process reaches field 
lines which terminate in the lowest magnetic 
latitudes on the magnetic midnight meridian. 

[he last assumption is supported by the 
observations of a number of authors of the 
apparent expansion of the auroral zone into 
lower magnetic latitudes near magnetic mid- 
night. At Macquarie Island, Jacka“” has 
shown that there is a deviation of the latitude 
of occurrence of homogeneous arcs from a 
linear regression on K, (geomagnetic planetary 
disturbance index) which has its greatest low 
latitude extent near magnetic midnight. 

The process of magnetic separation is now 
explained with reference to the model diagram- 
matically shown in Fig. 2. The model is based 
on a centered dipole field whose axis coincides 
with the geographic axis of rotation. Particles 


are accelerated in the accelerating region and 
spiral along the magnetic field lines. If these 
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formation about the accelerating 


process for 
and riginated in the 
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protons electrons which 


(b) The spatial separation of protons and 
electrons will be a function of their energies, 
with the greatest separation for particles of 
lowest energy. The apparent separation in 
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time of events observed during a disturbance 
from one station, should provide information 
on the energies attained by the particles and 
hence the intensity of the accelerating process. 

(c) If, from the observations of Romick 
and Elvey® and others, the maximum proton 
precipitation can be said to occur in lower 
magnetic latitudes than the quiet auroral forms, 
that these auroral forms 
between the loci PP’ and EE’. The 
occurrence of the quiet forms should depend 
on the electric field between the two loci of 
precipitation and the energy spectrum of the 
incoming accelerated particles. The subsequent 
break-up of the quiet forms into an active dis- 
play corresponds to the arrival of the observer 
at the region of maximum electron precipita- 
tion. 

(d) The occurrence of a second maximum 
of quiet auroral display during one night’s ob- 
servations will require the presence of protons 
on the locus P P’ and will depend on the lati- 
tude distribution of electron flux 

(ce) If the loci E E’ and PP’ are continued 
into the daytime hemisphere and it is assumed 
that at magnetic noon the accelerating process 
penetrates only to magnetic field lines termin- 
latitudes, then the 

irrence will very 


it may be deduced 


occur 


ating in higher magnetic 
distribution of auroral oc 
approximate that 
for magnetic 


auroral zone 


described by 


disturbance in the m 


This correspor lence 


spiral distribution discussed by Meek is en- 
ar od if he h Th yuroral 
la tne ACUUITOCO 


particles are dependent on their position rela- 
tive to the midnight 
these energies decrease as the 
meridian is approached, then the spatial separa- 
tion of protons and electrons is increased and 
the resemblance to Meek’s spiral distribution 
is enhanced. 

(f) If the auroral arcs are formed in the 
region between the loci of maximum electron 
and proton flux, and their orientation is depen- 
dent on the direction of the electric field be- 
tween these two regions, a diurnal variation in 
the orientation should be observed from one 
station. Currie and Jones" have reported 


magnetic meridiar if 


noon marn 


such a variation. 
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(g) The origin of the electric field which 
causes the S, magnetic variations in high lati- 
tudes is in the polarisation field mainiained by 
the magnetic separation of the maxima of pro- 
ton and electron flux. The energy for main- 
tenance of the field is derived from the energy 
of the particle acceleration process in the 
accelerating region. This deduction is at vari- 
ance with the ineory proposed by Martyn” 
which places the origin of the polarisation field 


in the equatorial ring current Nagata and 
Fukushima attribute the main disturbance 
field to the enhancement of the dynamo § 
variations by the entry of addiional jonisa- 
tion into the auroral rezions. If Figs. 3 and 4 
are referred to, it is evident that the influx 


of ionisation at Mac juarie Island does enhance 


variations, but the 
theory does not explain the large disturbance 
increases in the horizontal component of mag- 
netic force which begin at about 1500 hr. Nor 
does it explain the of a seasonal 
variation in time of onset of the S, disturbance. 
whose magnitude is comparable with the 
seasonal phase variation of the S, field. 
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Fig. 3. Diurnal distribution of hourly mean varia- 
tions of the horizontal (H), on the 5 
international quiet days, for 5 months of each 
season at Macquarie Island, 1952-1954. 
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Relative probability (arbitrary units) that 


the daily maximum variation in horizontal intensity 


(H) will occur in the hour shown, for all days of 5 
months in each season at Macquarie Island, 1952- 


1954 
minimum in H: @ 


(h) The similarity between the time varia- 
tions of occurrence of high absorption at Mac- 
quarie Island (Fig. 1(b)), and the time variations 
of intensity of the 4709 A line of N+ observed 
by Romick and Elvey, has been referred to 
above. Shaw‘'” has discussed the evidence that 
the absorption measured by waves reflected 
from the ionosphere at vertical incidence is 
dependent on the current intensity in the E- 


Daily maximum in H: 


Daily 


region and the vertical drift of 
ionisation 

In Fig. 3 it is seen that the eastward S, cur- 
rent and therefore the northward dynamo elec- 
tric field, is approaching a maximum at 0400 
hr for the summer and equinoctial seasons 
The field is in the right phase to cause an in- 
crease in absorption, a process which would be 
enhanced by the influx of auroral electrons. 
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Since there is a parallel increase in the 4709 A 
auroral line at this time, after the maximum of 
electron precipitation A’ has passed, it appears 
likely that the form and intensity of the active 
aurorae are controlled both by the distribution 
and flux of auroral electrons and the intensity 
of the dynamo field. 
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1. INTRODUCTION 

Penndorf and Coroniti' have 
occurrence of Polar E, in the northern polar 
regions and have found two basic types together 
The characteristics which 
these quoted 


analysed the 


with a mixed type 


were used to define types are 
below 

(a) “The Auroral Belt type, for stations be- 
tween 63 
a strong night maximum all through the year 
and no appreciable change with solar activity.” 
(b) “The Thule type, for stations north of 

geomagnetic latitude, shows a single maxi- 
mum in summer around ‘geomagnetic noon’. A 
winter maximum may occur in some years, with 
no pronounced daily maximum.” 

(c) “The Mixed type shows both types in a 
more or less mixed form. During some months. 


the Thule type prevails; in others, the Auroral 
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Belt type prevails. Such behaviour occurs at 
Baker Lake.” 

These authors found that the peak of occur- 
rence of Auroral Belt type E, moves towards 
later hours in the night for stations in lower 
latitudes. They concluded that, 
w of the close relationship between fF 
and magnetic activity especially in the auroral 
belt, &, results from the direct or indirect influ- 
ence of corpuscular radiation on the night-time 
E, along the auroral belt and on E, in general 
for the arctic region closer to the magnetic pole 

Shaw has proposed a mechanism in which 
the distribution of two types of E,, a and r, is 
determined by the distribution of the influx of 
accelerated particles near the visual auroral 
zone. In this paper, E, observations from some 
Stations near the southern auroral zone have 


been further analysed. It is found that the 
56 
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results of the analysis are consistent with those 
obtained by Penndorf and Coroniti for Auroral 
Belt type E,. The probable low latitude occur- 
rence of night-time E, resulting from particle 
bombardment is extended and a theory is pro- 
posed which attributes the occurrence of 
Auroral Belt type E, and Thule type E, to two 
distinct processes 

[he theory shows that both Auroral Belt 
type E, and Thule type EF, resulted principally 
from the influx of negatively charged particles 
‘hose causing Auroral Belt type E, are derived 
from the disturbance of a region of trapped 
particles which encircles the Earth in longitude, 
while those causing Thule type E, are guided 
into the region of highest geomagnetic latitudes 
by the lines of force of the Earth’s magnetic 
field, and are derived from a stream of particles 
which approaches the Earth from the direction 
of the sun 


2. THE DATA 
Published hourly occurrences of E, types 
have been used for four stations: M cquarie 
Island (MJ), Campbell Island (CI), Hobart 
and Christchurch (CHCHY”, for the 
period July 1957 to November 1958. In the 
calculation of the 
rence of f type / data, the 
report of a lost record or of complete absorp- 
tion 


hourly percentage occur- 


from the hourly 


has been acc epted as no observation 


Penndorf and Coroniti have restricted their 
data by using only those occurrences for which 
f,E.>5 Mc/s. In the 
the only restriction placed on the 
imposed by the method of scaling ionograms 
This restriction arises from the fact that. for 
almost all hours, only the most prominent and 
consistent type of E, present is scaled. For 
night-time E, in the auroral zone, it is assumed 
that this method of scaling will give a clear 
representation of the diurnal variations of the 
several factors which may be responsible for 
the occurrence of E.. The factors which con- 


inalysis reported here 


data is that 


trol the intensity of E, need not necessarily have 
the same diurnal distribution as those which 
control its occurrence 

The results of the analysis are shown in 
Fig. 1, where the diagrams giving the diurnal 
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distribution hourly occurrence 


of percentage 
are arranged in decreasing geomagne 
and approximately local time. The data for 
M1, Fig. 1(a), and C/, Fig. 1(b), cover all months 
in the period used. For H, Fig. 1(c) and CHCH. 
Fig. I(d), six equinoctial months have been 
chosen. The last two stations are in geomag- 
netic latitudes less than the auroral zone and it 
was considered that the equinoctial curves 
would be more likely to enhance the occurrence 
of E, resulting from the influx of particles. 
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Figures I(a) and I(b) also show the diurnal 
variations of a type E, and r type E,. The sig- 
nificance of these two types has been discus- 
sed. A very small percentage occurrence of 
a type E, was found at H for some hours, and 
has been omitted. a@ type E, is absent from 
the CHCH hourly data. r type E, was not 
present in the hourly data for either of these 
stations. During sunlit hours the presence of 
/ type E, has been included for all four 
Stations. 


3. DISCUSSION OF FE. DIURNAL 
OCCURRENCE 

An examination of Fig. | shows the presence 
of one major night-time peak in the percentage 
occurrence of f type E, at three of the four 
stations. The local time of occurrence of this 
peak advances as the geomagnetic latitude be- 
comes smaller. This behaviour was observed 
for the Auroral Belt stations by Penndorf and 
Coroniti. The presence of this peak is detect- 
able at H (geomagnetic latitude 51-6 °S), in the 
equinoctial months. This indicates that the 
agency responsible for the occurrence of Auro- 
ral Belt type E, extends well into latitudes 
below the visual auroral belt. Its presence at 
CHCH, however, is not detected by the present 
analysis. The minimum width of the zone over 
which this agency produces night-time sporadic 
E can be placed between geomagnetic latitudes 
50-70 degrees. 

The maximum percentage occurrence of 
approximately 60 per cent for all seasons at M/ 
and C/, bearing in mind the restrictions on the 
data which have been explained above, shows 
that the agency which causes this type of E, 
must be present to some degree on almost all 
days. Its presence cannot be explained solely 
by the processes responsible for visual auroral 
displays and the accompanying magnetic dis- 
turbance 

The diurnal occurrence of the peak near mid- 
night indicates some form of solar control, with 
an intermediate process which favours the mid- 
night meridian. 

The dependence of the temporal occurrence 
of the peak on geomagnetic latitude at each ob- 
serving site suggests magnetic control which is 


dependent on the curvature and intensity of the 
earth’s magnetic field. 


4. THEORY OF THE OCCURRENCE OF 
AURORAL BELT TYPE E, 

The following assumptions are made to des- 
cribe the process which produces the observed 
behaviour of Auroral Belt type E,,. 

(a) The night-time occurrence of this type of 
E, results from the ionisation caused by the in- 
flux of predominantly negatively charged par- 
ticles, in this case electrons, into the E-region 
of the ionosphere. 

(b) The electrons are derived from a region 
of trapped particles occupying the space en- 
closed by the surfaces generated by magnetic 
field lines which meet the E-region of the iono- 
sphere at geomagnetic latitudes of approxi- 
mately 50 and 70 degrees 

(c) The geomagnetic field is distorted in such 
a way that electrons in the trapping region, 
which receive additional energy from distur- 
bances on the day side of the earth, travel round 
the region until they reach the point where the 
magnetic flux will no longer reflect them. They 
are then precipitated into the E-region. 

Measurements carried out during rocket 
flights and reported by Van Allen et al.’ show 
the probable existence of such a region of trap- 
ped electrons. Since the electrons in this region 
will have a component of motion eastwards, 
they continually travel around the earth. At 
any point in its motion along a given line of 
force, an electron will move under an eastward 
component of force which is a function of the 
curvature of the field line and the magnetic in- 
tensity at that point. In the equilibrium state 
of the region there will be an upper energy limit 
for the particles contained, a limit determined 
by the minimum magnetic flux existing at some 
level in the ionosphere. Particles which have 
energies greater than this upper limit will be 
contained in the region for only part of their 
circuit of the earth before being lost to the E- 
region. 

It has been assumed in (c) that the region of 
minimum magnetic flux is situated near the 
midnight magnetic meridian and that its posi- 
tion and form is under solar control. 
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Figure 2 gives a diagrammatic section of the 
earth’s field and the trapping region for a 
centred dipole field at “geomagnetic noon” 
during the southern summer solstice. A and A’, 
respectively, denote the northern and southern 
lower borders of the trapping region. It has 


been assumed in (b) that the electrons on the 


Fig. 2. 
field for a centred dipole at “geomagnetic noon”’ in 


Diagrammatic section of the geomagnetic 


the southern summer solstice, showing the region 
of trapped particles, A-A, and the zone of occur- 
rence of the night-time peak in f type Es. 


day side may receive additional energy from 
disturbances arriving near the region X. The 
electrons will then move eastwards around the 
field till they reach the region Y, on the mid- 
night side, when they are precipitated at A and 
A’. The eastward deflection of the electrons on 
the final trajectory displaces them, so that on 
arrival at the E-region they appear to be dis- 
placed in time. This eastward displacement in- 
creases as the curvature of the lines of forces 
and the magnetic field strength increase on the 
low latitude side of the trapping region. 


OF TWO 


OF HIGH LATITUDE E., 


5. THEORY OF THE OCCURRENCE OF 
THULE TYPE E. 

Penndorf and Coroniti have shown that 
Thule type E, has its maximum occurrence near 
“geomagnetic noon” and is dependent on uni- 
versal time. Further it has its maximum occur- 
rence in summer. 

In Fig. 2 it is seen that these facts are most 
readily satisfied if it is assumed that electrons 
approaching the earth from the direction of the 
sun are guided along the field lines in the region 
P’ and precipitate in the E-region about the 
“geomagnetic noon” meridian at geomagnetic 
latitudes greater than 70 degrees. 

As in the previous case, the electrons receive 
an easterly displacement so that they appear to 
an observer on the earth to be displaced in time 
The curvature of the magnetic lines of force 
becomes less as the magnetic pole is approach- 
ed, and the mean easterly displacement will 
therefore be less than for electrons which pro- 
duce Auroral Belt type E,. 


CONCLUSION 
On the basis of the theory discussed in this 
paper, measurements of the occurrence of E, in 
the polar regions can provide further informa- 
tion about the energies of particles which are 
guided into the E-region by the geomagnetic 
field. These measurements can also provide in- 
formation on the form and extent of the geo- 
magnetic field and its behaviour when it inter- 
acts with solar particles. 
Acknowledgments—Some of the ionospheric observa- 
used in the an have been carried out 
using facilities provided by the Australian National 
Antarctic Research Expedition at Macquarie Island. 
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1. INTRODUCTION 


The atmospheric system of O,, b°=+—>X°S 


was first discovered in the airglow and later in 
the aurora by Meinel He found the 0-1! 
band at 8645 A in emission, but the 0-0 band 
which should be much stronger. is reabsorbed 
(and possibly converted into 0-1, 0-2, etc.) by 
the great amount of O the emitting 
region. Meinel reported an airglow rotational 
temperature of T,.. (0-1)=150°K (see, however. 
a correction reported in Section 2) 


below 


1 atmos- 
O08 A was first suggested by 


In the aurora the presence of the | 
pheric band at 77 
K vifte and 


et al who 


later confirmed by Chamberlain 
estimated that this band had about 
one-half the intensity of 0-1. They also esti- 
mated 7 (O-1)=200°K in the aurora, but 

the 1-1 band is partially blended with 
other features, made no measurement of 


(1-1). 
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From a number of infrared auroral spectra of 
moderate dispersion, we have been able to make 
some improved measurements of the relative 
intensities of these bands and their rotational 
temperatures, which we report in Section 2. 
While the relative intensities seem consistent 
with excitation of these bands by electron im- 
pact, a disparity in the rotational temperatures 
of the two bands cannot be understood on this 
basis. Also it does not appear that fluores- 
cence in the 0-0 band is responsible for the 
temperature difference. 

It does not seem likely that the high 
temperature we derive is produced by the N, 
first positive band that overlaps the O, band or 
by other overlying emissions. Still, the rota- 
tional structure is not resolved and one must 
bear in mind the possibility that unknown lines 
may be blended with the band and distort the 
profile. Nevertheless, this seems an artificial 
way to explain the data and we have inquired 
whether the effect may be a natural consequence 
of the excitation mechanism. 

We propose in Section 3 that the excitation 
of these bands occurs predominantly by energy 
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transfer from the upper term of the red lines. 
OCD), followed by vibrational deactivation. 
These mechanisms allow an explanation of the 
difference in rotational temperatures, and the 
relative intensities of the bands provide crude 
information on the relevant rate coefficients. 
Since the mechanism populating O, also 
deactivates O('D), we estimate in Section 4 the 
deactivation probability for this term. These 
results predict virtually complete suppression of 
A 6300 in the 100-km region of the airglow, 
even with the large amount of excitation ex- 
pected for this line. We shall show that the 
rather large probability for +5 
by Seaton™ is 
neither necessary to explain the deactivation of 
O('D) nor justified by the observations 


transition 
hypothesized 


2. OBSERVATIONS 

Five auroral and four airglow spectra, taken 
with the Meinel f/0-8, 9-in. aperture spectro- 
graph (described by Chamberlain’), were 
chosen for analysis. In some cases a single 
plate was used as an example of both an 
auroral and an uncontaminated airglow spec- 
trum. This was possible because these plates 
were taken with the northern sky imaged on one 
part of the slit and the eastern Sky imaged on 
the other part. In several instances a single 
plate showed a faint auroral spectrum on the 
northern section and an apparently uncon- 
taminated airglow spectrum on the eastern 
section. For the purpose of this work. the 
presence of 47774 of OI, one of the strongest 
lines in the near infrared auroral spectrum, was 
used to indicate an aurora Intensity calibra- 
tions, consisting of spectra of a standard 
incandescent lamp taken with a step filter across 
the entrance slit of the spectrograph, were ob- 
tained at the time the sky spectra were photo- 
graphed. The spectra were reduced in the usual 
manner and corrected for the monochromatic 
sensitivity of the spectrograph and the emulsion 
(Eastman /-N),. 

We constructed model profiles, with the wave- 
lengths of the rotational lines of the 0-1 and 
1-1 bands calculated on the basis of the 


analysis of this system by Babcock and Herz- 
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berg’. The "R and ’P branch wavelengths 
were calculated from rotational constants and 
the “Q and "Q wavelengths were determined to 


sufficient accuracy for this work from the 
approximate relation 
"Q (K)—"P(K)="Q (K)—®R (K)=2-0. cm 


The intensities of the rotational lines were ob- 
tained from the Boltzmann distribution of 
populations (see Herzberg'*’) and the theoretical 
line strengths (or intensity factors) computed by 
Schlapp™. The latter are 


~(J—1); i("Q) 


where the J’s refer to the upper state. These 
strengths for the "Q and “Q branches are 
approximations differing from the exact 
theoretical expressions by no more than one per 
cent. The intensities of the individual rota- 
tional lines were distributed according to the 
observed instrumental profile and then summed 
to obtain the model profiles given in Figs. 1, 2 
and 3. The rotational temperatures refer to 
equilibrium in the upper state. 

In order to determine a rotational temperature 
from the airglow 0-1 band observations. both 
the models and the observations were first 
normalized to the total band intensity, as illus- 
trated in Fig. 1. Then the sum of the squares 
of the differences between the normalized 
observed intensities and model intensities taken 
at 4A intervals were calculated for each 
observed profile to determine which temperature 


model gave the smallest sum. The average of 
these temperatures for the smallest sums is 
183°K+7° (m.e.) where the mean error was 


obtained from the scatter in the temperatures 
The uncertainty in the temperature determina- 
tion for a single observed profile is estimated 
to be of the order of 10 or 20 Consequentl\ 
there is no evidence in the present observations 
for a real temperature variation. 

Meine! obtained T (0—1)=150°K +20 for 
the airglow. However, when Meinel’s observa- 
tions are compared with the present models, 
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The 0-1 band auroral profiles were treated in 
except that 
the comparison between the observed and model 


the same way as the airglow profiles 
profiles was limited to the wavelength range 
8606-8666 A because of with other 
spectral features. These include multiplet* | of 
NI (8680-8748 A). the 2-1 band of the First 
Positive system of N, in the region 8670-8722 A 


overlap 


* The multiplet convention is that 


adopted by Moore"! 


numbering 


Observed and model intensity profiles of the 0-1 band in the airglow 
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The plate numbers are identified on Table 1 
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and P. (7) lines of the 6-2 band 
ind 8588; see Herman and H 
\ 8629 of multiplet 8 of NI. Higher 
? band of OH 
should be faint compared with the O, band. If 
131 8629 
of NI, the remaining five auroral plates listed in 
Table 1 showed 8606-8666 A 
apparently free of overlap 
for the least squares fit, we found the average 
temperature for the 0-1 auroral bands to be 
192°K +6 

To test the possibility that A 8629 of NI was 
affecting the R branch, the observations were 
educed with the region 8624-8636A 
omitted from the least-squares determination of 
the temperature. The average of these reduc- 
tions gave T(0-1)=197°K+8 With the 
inclusion of the profile from plate No. 131 this 
average was altered to 195°K +8°. From the 
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8600 8620 $8640 


Fig. 2 


consistency of these determinations we conclude 
that 195°K+10° is a good measure of the 
rotational temperature of the upper state of the 
0-1 band. This is very nearly the same as the 
200° value estimated by Chamberlain et al 
for the aurora and only slightly higher than the 
value of 183°K +7° obtained above for the air- 
glow. 

Ihe observations of the 1-1 band cannot be 
converted into temperatures in the manner of 
the 0-1 band because only the region of the 
R-branch maximum appears to be free of over- 
lap with the 2-0 First Positive band of N, (in 
the range 7690-7753 A). The observed profile 
showing the least overlap with the 2-0 First 
Positive band is shown in Fig. 3. For this one 


observation a temperature of 600°K appears to 
be valid, provided that the 2-0 First Positive 
band does not influence the profile shortward of 


WAVELENGTH 


Observed and model intensity profiles of the 0-1 band in the aurora. 


8660 8680 8700 8720 


1 band observations show 


The other | 
greater overlap with the 2-0 First Positive band 
and only the intensity maxima seem free of 


7695 A. 


overlap. The position of this maximum was 
found to be 7686:3+06A (me.). This 
measure, indicated on Fig. 3, requires a tem- 


perature of 1000° to 2000°K. It is clearly 
difficult to obtain an accurate temperature for 


this band [he best estimate seems to be 
T A-1)=700 Regardless of the difficulty 
in assigning a temperature to the Il—1 band, it 
is clear from Figs. 2 and 3 that 7.. (1—1) is 


greater than 7,., (0-1) 

[he relative of the 1-1 and 0-1 
bands can be used to estimate the relative 
populations integrated along the line of sight, of 
the first two vibrational levels of the upper state, 
i.e. V(v’=0)/ (v’=1). We shall use to 
denote an integrated intensity over an entire line 
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The observed profiles are seriously 
appear to be free 


The observed profile least 


affected by 


3. Observed and model! intensity profiles of the 1-1 band in the aurora 
blended 


of overlap near the 


with other features and only 


of the R-—branch 
is indicated by 


intensity maximum 


overlap open circles 


For the other profiles only the mean wavelength of the intensity maxima and 


the mean deviation of that wavelength are indicated 


or band profile 
(1-1), (1-1) 


(2-2) 


The intensity ratios ./ (0-1) 
(A 7774) 
(1-1), along with 


and estimates of 
(A 7774) (OH) 
estimate of the 
and ./ (0-1)/./(OH) 
enhancement of the 0-1 
We took ./ (OH) as 
the intensity of the P, (2) line of the 6-2 band 
of OH, which on our spectra appears to be free 
of overlap with auroral features. 

The integrated intensities of the O, bands 
were corrected for overlapping features by 
extrapolation based on the 195°K model for 0-1 
band and the 700°K model for the 1-1 band 
If the correct 1-1 band rotational temperature 
is 600°. ./(1-1) given in Table 1 will be 7 per 
cent too low, and if the correct temperature is 
1000°., it will be 9 per cent too high. The errors 
introduced into ./(0-1) by possible errors in the 


which serves as a rough 


brightness of the aurora 
which indicates the 


hand ire 
1, are 


given in Table | 


selection of T,.. (0-1) will be small compared 
with those in ./ (1-1) and both are less than the 
estimated 20 per cent photometric error 

/(O-1)/.7 (1-1) were used with the 
calculated Franck—-Condon 
Fraser et al. 
tions 


rhe ratios 
factors given by 
to obtain the relative popula- 
Since there are no measurements of the 
relative intensities of bands originating from a 
common upper level in this system, we have 
assumed that the electronic transition moment, 
R. (r), is constant over the range or r valid for 
the 0-1 and 1-1 bands. The possible error this 
assumption might introduce is probably small, 
since in other band systems studied, R. (r) has 
been found to be slowly varying (Nicholls®”). 
However, the difference between Kvifte’s™ 
observed estimate (with a laboratory discharge 
source) that ./(0-1)/.7(0-0)~0-02 and the 
value of 0-04 obtained from the Franck—Condon 
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factors of Fraser et al. with R. (r) assumed con- 
Stant might indicate a factor of 2 variation in 
R If so, the values of. (v’ =0)/ (wv =1) 
in Table | are a factor of 2 too small. In any 
event it is clear that the population ratio is 
decreased by more than a factor of 8 in the 
aurora compared with the airglow 

3. O, EXCITATION AND DEACTIVATION 

MECHANISMS 

Phe auroral observations might be interpreted 
in terms of excitation occurring through energy 
transfer by (Bates and Dalgarno’, Seaton''’’) 


OP) 


OCD)+ 0)}—> 


O v’: 


2). (la) 


2, but 
is still energetically possible for lower values of 


Chis reaction is in near resonance for 


\ Hence deactivation of v’=2 may occur by 

the inverse reaction, 

O, (6'S+, v’ =2)+O0 ?P)— 
O, (X°S-, v” 


0)+OCD), (1b) 


but for v’=0 and 1, the latter reaction is not 
energetically possible without an exceptionally 
large amount of kinetic energy. All values of 


Table 1. Relative Photon Intensities and 


(A 7774) / (0-1) 


Plate Date 


/ (OH) (OH) 


9-0 
19-0 
19-0 
16-17 Jan. 1959 
18 Nov. 1958 4 
9 Dec. 1958 4 
10 Dec. 1958 
13 Dec. 1958 44 
16-17 Jan. 1959 1°6 


+ The first six entries in this table are examples of auroral spectra. 


which showed no auroral features, are 


(1-1) (2-2) 


{A 7774) 


given as examples of airglow spectra. 
intensity of the P, (2) line of the 6-2 band of OH. 
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v>QO might be deactivated, however, by a 
transfer of electronic energy only (Bates'”): 


O, (b'S 
O, v” 


O, v” 
O) +O, 


Fither electronic or vibrational deactivation 
of O, might occur by atom-atom interchange 


O, (b'X*, v’)+O CP} (*P)+O. (2) 


with z=h'S* v<w’ or 2 
state. While this type of 
responsible for suppressing the Herzberg O 
bands in the airglow, the activation 
required to break the bond for ) 'S 
inhibits the process from affecting the 
pheric system. In any event, we 
it in our present discussion 

[he main alternative to excitation of O. by 
reaction (la) is probably 
which is presumably the mechanism 
exciting O('D). However, this mechanism does 
not seem consistent with the disparity in rota 
tional temperatures of the 0-1 and 1-1 bands 
Electron excitation should produce little or no 
change in the rotation of a molecule (Massey 


(3) 
i lower electronic 


likely 


process 1S 


energ 
probably 
Atmos- 


shall neglect 


direct electron impact 


Relative Populations of Vibrational Levelst 


(O-1) 


T (0-1) 
(°K) 
190 
200 
185 
185 
190 
195 


>100-0 
>110°0 
>12-0 >200°0 

3-3 > 60°0 


190 
175 
185 
180 


> 70 


[he remaining four, 
4 (OH) is the 


(2) 
(1-1) /(1-1) 1) 
159 
: <0'18 16 28-0 
2-4 <0: 33 1:7 30-0 
2°3 <0°16 2:4 43-0 
‘ 
173 0-38 2-4 43-0 
3 
90 160°0 
162 
163 
166 
173 
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and Burhop*”, p 276), at least when the 
molecule is not simultaneously excited and ion- 
ized by the collision. Hence both bands should 
show T,.. characteristic of the gas temperature. 
Also it seems reasonable to suppose that 
reaction (la) would dominate electron impact 
from the considerations that the electronic cross 
section for exciting O, is not likely to be much 
larger than that for exciting O: that in most of 
the emitting region the O abundance probably 
will exceed that of O,; and that at the lower 
auroral altitudes most of the O('D) excitation 
seems to be deactivated, probably by reaction 
(la) (Seaton 

One possible explanation for the disparity in 
rotational temperatures is that the 0-1 band 
might arise predominantly from fluorescence, 
following absorption of the more intense 0-0 
band (Bates’*’). The 1-1 band would receive 
very little enhancement resulting from absorp- 
tion in the 1-0 band, because of the relative 
transition probabilities involved. Therefore 
I... (O-1) might pertain predominantly to the 
temperature in the region where fluorescence 
occurs, whereas 7... (1-1) would apply to the 
rotational distribution (not necessarily to the 
kinetic temperature) in the region of the auroral 
excitation 

The fluorescence mechanism occurs in the 
general region where the vertical optical thick- 
ness in the individual rotational lines becomes 
the order of unity, which occurs at heights 
around 40 to 50 km for the strongest O, lines 
The radiative-transfer problem has been treated 
by Chamberlain The temperature in this 
region exceeds 250°K; hence the low rotational 
temperature in the 0-1 airglow band argues 
against the fluorescence mechanism. It appears 
that at these low altitudes excited O, molecules 
are deactivated to the ground electronic state 
and that fluorescence cannot therefore explain 
the auroral temperatures. (It may be noted in 
passing that were fluorescence important, an 
aurora seen near the horizon would show the 
0-1 band at a much lower altitude than the 1-1 
band and other auroral emissions.) 

Consider now the excitation produced by the 
above reactions. It is not known how important 
is resonance in reaction (la) but let us consider 


the reaction rate for excitation of a level v’ to 
be z,,(v’). We shall take the rate coefficient 2, 
to be independent of wv and write O('D)=O* 
and O, (+, v')=O,* (v’); the number density 
of particles will be written with brackets, as in 
[O,*(v)]. Qualitatively we might expect 
[O,*(0)] to be greater than [O,* (v’>0)] 
because of reaction (2) alone. But for v’=2 
there is an additional deactivation by reaction 
(1). 

If the excitation of v’=1 is produced by reac- 
tion (1a) it may well have T,,, much greater than 
the gas temperature; there is no reason to expect 
it to approximate the gas temperature. But 
v’=0 is evidently populated largely by reaction 
(2), where initially the O,* molecule has wv = 1. 
(Contributions from v’=2 will be negligible 
because, as noted above, [O,* (2)]<[O,* (1)].) 
Since the reaction involves only electronic 
transfer, the final state O,* (0) has both the 
vibrational (v’=0) and rotational (T,,.~Ty,) 
structures of the initial ground-state molecule, 
O,(X°=-). Also, molecules that are excited 
directly to v’=0 may still have their rotational 
temperature lowered by collisions similar to 
reaction (2), wherein electronic transfer occurs 
As long as ordinary thermal collisions (which 
redistribute the rotational populations) do not 
occur before an O,* (0) molecule radiates, the 
rotational intensities should be given by the 
kinetic temperature and the rotational constant 
(B”.) for the ground state. Thermal collisions 
will change the distribution. But in practice 
B’, ~ B’., so it matters little which constant is 
used. For the 1-1 band the rotational tempera- 
ture will not have a direct bearing on the kinetic 
temperature, so long as this band is emitted only 
by molecules that have not suffered many 
collisions, and especially no collisions of the 
type (2) 

We consider these matters now in a more 
quantitative way. If O,* (2) is populated only 
by reaction (la), and depopulated by (1h), (2) 
and radiation with a transition probability A,,, 
its poulation in a steady state is 


[(0.*(2)) [O*} 2,, (2) 


[O,] [O] +[O.] + Any (4) 


| 
2 
4 
4 


For v’ 


so we have 


1 deactivation by (1b) cannot occur 


[O,* (1)] 
[O,] 


[O*] 1) (5) 
[O.] 2,+A 


Finally, for v’=0 reaction (2) can add to the 


excitation giving 
[O,* (0)] [O*] z,, (0)+[0,* (1)] 2, 


(0.] (6) 


where we neglect the term [O,* (2)] z, in the 
numerator because of the observed fact that 
[O,* (2)] <[O,* (1)]. 

These equations yield the relative populations 
of the upper levels of the observed emissions 
Combining equations (5) and (6) gives 


O,* (0)} O z,, (0) (0) 
4 | 2: i} (7) 
[O,* (1)] (1) 
Equations (4) and (5) provide the ratio 
[(O,*(2)] 2) {[O.] 2, + (8 
(O.*(D} 
and equation (5) may be rewritten as 

O.*(1)) ()[O 

(0; ] (9) 

[O*}] [(O,]+ 
By comparing these equations with the 


observed intensities we can obtain some rough 
estimates of the rate coefficients that are 
required with our interpretation. We note first 
of all that in the airglow the Atmospheric 
system is probably excited mainly by three-body 
association, where the rate coefficient for for- 
mation of a molecule in the state b'S+ and 
level v’ is B(v’). The absence of bands with 
v’'>0 in the airglow, even though the higher 
levels should be excited, indicates that deactiva- 
tion by (2) is more rapid than spontaneous 
emission, or [O.]2,>A,,. Then statistical 
equilibrium considerations of the sort used to 
derive the above equations give for the airglow 

Biv’) 
[O.* (1)] 


[O.] 


(10) 


where the summation is carried over all levels. 
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The data in Table | indicate that the ratio 
expressed by equation (10) exceeds 10 
Although the relative rate coefficients 8 (v’) are 
not known, they probably do not change 
rapidly with increasing v’, and = (v’)/ 8 (1) may 
be of the order of 10. With A 
and [O,]~10'* cm~-* (with Nicolet’s'*” model 
the maximum emission rate would be in the 95 
km region, as observed) the airglow observations 
require that z 10-*? cm which does not 
seem to be a severe condition. (A reaction pro- 
ceeding with the gas-kinetic cross section would 
3x 10 cm 


0-12 sec 


sec, 


have a coefficient of about sec.) 

Since the 1-1 band is characterized by a 
temperature well in excess of the kinetic, ther- 
mal collisions that redistribute the rotational 
levels must occur not more than a few times 
during the lifetime of v'=1. As this lifetime is 
governed by reaction (2) at the lower auroral 
altitudes, we find that z, must be the order of 
the gas-kinetic rate. This condition is more 
serious; the validity if our entire interpretation 
requires, however, that reaction (2) proceed very 
efficiently. No experimental data on such a 
reaction is available 

Thus we shall assume that [O,] z 4. for 
a considerable range above the airglow region 
at least up to 150 km. Therefore we see from 
equation (9) that the intensity ratio of the I-] 
band relative to [O] red lines should be nearly 
constant over the lower auroral region, which is 
agreement with Ombholt’s*” 
observations. Table | gives ./(1—1)/./(7774) 
1-8. Combining this with Omholt’s'*”’ measure- 
ment for the lower part of auroral displays 
4¥(7774)/.7(6300-64)=0-27, and using for the 
transition probability of the red lines A, 
0-91x10-? sec we obtain the mean ratio 
(1)]/[O*] z,, (1) 0-04 

The absence of the 2-2 band in the aurora 
must be explained in terms of equation (8) 
Seaton’ has pointed out that detailed-balancing 
considerations require that 7z,,(2)=062 
Hence, we cannot explain the small ratio of 
equation (8) by assuming that [O] z,, >[O.]z., 
for we should then find from equation (8) that 
in the low auroral region z, < z,, (1), which con- 
tradicts the result in the preceding paragraph. 


in reasonable 


Therefore, we must assume that [O,] z,> 
[O] z,, in the lower auroral region. In that case 
equation (8) gives [O,* (2)]/[O.* (1)] ~z,, (2) 
2..(1)<02. Thus we conclude that resonance 
does not seem to be so important in reaction 
(1a) after all, and that reaction (15) is less im- 
portant in deactivating v’ =2 than is reaction (2), 
at least at the lower auroral altitudes where O. 
is relatively abundant 

An estimate of the ratio 2,, (0)/2,,(1) from 
equation (7) is not so straightforward, since the 
intensity ratio is strongly dependent on the 
altitude of excitation. The strong concentration 
of the 0-1 emission relative to 1-1, toward the 
lower border of the aurora as indicated by 
equation (7), is probably the explanation of the 
low auroral value of 7... (0-1). Relatively little 
of the total red-line excitation would have to 
occur at 100 +5 km for that region to dominate 
in producing the 0-1 emission 

The abundance ratio [O.,* (0)] /[O.* (1)] could 
be smaller in the aurora than in the airglow 
either because v’=1 is more favored in the 
auroral excitation mechanism or (more likely) 
as a height effect, with v’>1, not so readily 
deactivated in the aurora as in the airglow. In 
the aurora sometimes we find (see Table 1) the 
abundance ratio [O,* (0)]/[O,* (1)]< 30. Hence 
by equation (7) this is an upper limit on the 
ratio of the rate coefficients, z,, (0)/2,, (1), as 
well. And since all our auroral spectra show 
(0-1) 200°K. most of the 0-1 excitation 
evidently occurs at low enough altitudes that 
vibrational deactivation (2) contributes a fair 
portion of the [O.*(0)] population. Thus it 
appears that (0)/2,, (1)<30 


Table 2. Summary of Transition Probabilities 
and Rate Coefficients 


= 0:12 sec-! 
Anp = 0°91*10-2 sec-? 


~ 10 cm* /sec 


(1)~4x10-'* cm*/sec 
2.,< cm*/sec 


a, (0)< 1:2 cm*/sec 
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Table 2 summarizes the conditions on the rate 
coefficients that seem necessary for these reac- 
tions to explain the data. 


4. DEACTIVATION OF [O1T) RED LINES 

Reaction (1a) is also of interest in explaining 
the absence of A 6300 airglow emission from 
O(D) around 100 km, where the green line is 
formed, and deactivation of O (‘D) in the aurora 
at low altitudes. Seaton noted that reaction 
(15) would re-excite O ('D) unless there were a 
more efficient means than radiation by the 
b—» X transition to remove O,* (2) molecules. 
Therefore he postulated that the transition 
b*%*—>a'A, could occur with a transition 
probability A,,~1 sec 

If resonance were indeed important in (1a), 
the deactivation of O,*(2) by reaction (2) 
would serve the same purpose, however. And 
if resonance is not important, as the ratio of the 
2-2 and 1-1 band intensities suggests, there is 
no problem in re-exciting O('D). These pro- 
cesses, therefore, seem quite capable of 
explaining red-line deactivation at low altitudes, 
and, indeed, the use of Bates’ mechanism, 
reaction (2), at the 100 km region seems 
necessary to explain the absence of the higher 
vibrational levels of O, (b'S+) in the airglow. 
Reaction (2) becomes less important with height 
and were O, excited at higher altitudes in the 
aurora, one would expect to see the emission 
from v’=1 become relatively stronger. 

Seaton’s postulate that A, 4,. not only 
seems unnecessary but is also probably unjusti- 
fied on the basis of the intensity that should 
appear in the nightelow Infrared Atmospheric 
system, X°S-. The nightglow Atmos- 
pheric (b—> X) 0-1 band has an emission rate 
of 4- 1-5 kR (Dufay; Barbier®”). The 
photon emission in the 0-0 band of the same 
system (which is absorbed by the lower atmos- 
phere) is 21 times that in the 0-1 band, accord- 
ing to the Franck-Condon factors computed by 
Fraser, et al.’”. The total zenith emission is 
then 4=./,, 30 kR in the Atmospheric system. 
In the Infrared Atmospheric bands the night- 
glow emission should be produced by direct 
excitation as well as by cascading b—>a. 
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EXCITATION OF O, ATMOSPHERIC BANDS IN THE AURORA 


Hence in the absence of electronic deactivation, 
we should have 47. >(A,,/ A»x) 30 kR. From 
the twilight decay of the a—> X (0-1) band at 
1-58u, measured by Vallance Jones and 
Harrison”, it appears that its nightglow emis- 
sion is no more than 5 kR. The unobservable 
0-0 band would emit 10 times as strongly, so we 
conclude that 42./,,<50 kR. Hence the 
observations indicate that A,,/A,x<5/3 or 
that A,.<0-20 sec-'. This value is too low 
to increase materially the efficiency of reaction 
(la) by removing O, (b'=*) molecules.* 

Seaton’s®’ computation of the deactivation 
probability of O ('D) at various heights used the 
following general approach. Observations of 
the intensity ratio of the red to green line versus 
height were interpreted in terms of the deactiva- 
tion required at each height. Then adopting 
Ara+Anx=1 sec-', he adjusted the rate 
coefficients for reaction (1a) and for an unspeci- 
fied deactivation process proportional to the gas 
density to fit a theoretical curve to the empirical 
points. There is considerable uncertainty, how- 
ever, in estimating an empirical deactivation 
rate versus altitude because of the lack of 
information on the excitation rates of the red 
and green lines. 

With the additional but crude information on 
deactivation of O ('D) by O, collisions obtained 
in Section 3, we shall here consider the deactiva- 
tion that would be expected from reactions (la), 
(1b) and (2) at various heights. 

To write the equation of statistical equilib- 
rium for O(‘D), we assume a rate of excitation 
per cm® per sec, from all processes except 
energy transfer from O, by reaction (1b), to be 
dn. Then, with additional excitation by (1b) and 
deactivation by (la) we have 


* If the fluorescence mechanism (discussed in 
Section 3) for converting 0-0 emission into the 0-1! 
band, were not inhibited from proceeding by 
deactivating collisions, the total emission would be as 
low as 8kR. But if fluorescence did affect the total 
derived intensity of b—-X it would affect the 
a-—>X system and diminish our estimate of the total 
emission in those bands. Hence the above argument 
against a large value for A,, would not be significantly 
altered. 


also 


ba 


+ {0} [0,* (2)] 2, 
(0*) {[0.] Ame} 


(11) 


In order to apply the results to the airglow, 
where O,* is formed by processes other than 
(la), let us assume that three-body association 
populates b'X+, v=2 with a rate g.(2) 
[Of [X] 8 (2)/cm*/sec. Then equation (4) is 
modified to read 

qs(2) +[O,] [O*] z,, (2) 
[O} 2,,+[O.] Aox 
Substituting equation (12) into (11) we may 
write the result as 


qs(2) [O] 
4>* +[O,] 2, + 


[O.* (2)) (12) 


= [O*] (dp+ Apr (13) 


where the deactivation probability of O('D) is 


: | 2 ) 
dp=[0,] 2. ()— 202) @ [01 


~ [O} 2,,+[0,] 


In equation (13) the second term on the left is 
the fraction of the primary excitation of O,* (2) 
that eventually is transferred to O('D). Equa- 
tion (14) gives the net deactivation probability 
to be the probability that an O('D) atom will 
transfer its excitation by reaction (la) less the 
fraction of those entering reaction (la) that are 
eventually returned to O (‘D) by (16). But with 
the low value of the rate coefficients z,, (2) and 
2,, indicated in Table 2, the second term in 
equation (14) is negligible at all heights in 
question. 

Thus it appears that deactivation of the red 
lines is nearly proportional to [O.,]. The effec- 
tive rate coefficient for deactivation, 2%pp= 
=2z,,(v), is greater than* 4~ 10 cm’ / sec, 
according to the estimates of Table 2. A 
coefficient cm*/sec would, accord- 
ing to Seaton, satisfy the observations at 
altitudes of 130 km and higher. At lower 
* If the rate coefficients «,,(v) should decrease 
rather rapidly with increasing v, as do the Franck- 


Condon factors in the v”=0 progression of the 
Atmospheric system, zp» may be considerably greater. 
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altitudes the coefficient might be considerably 
less. As we mentioned previously, however, 
the excitation rate and its variation with height 
is sO uncertain that an empirical deactivation 
rate is rather questionable. For the moment a 
coefficient for deactivation by O, of z»,)~ 10 
cm’ / sec acceptable and 
consistent with all the data 

We are indebted to Prof. D. R. Bates for 
commenting on an early draft and for several 
illuminating discussions. 


seems reasonably 
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Relative intensities of Na lines in the emission 
of sodium ejected from rockets 


(Received 7 July 1959) 


In 1950, D. R. Bates’ detailed the possibili- 
ties offered by an artificial sodium cloud to 
get information concerning the high atmos- 
phere. Since that time, experiments have been 
performed in the United States by Manring, 
Bedinger and others’*.”. Recently we have 
undertaken a series of experiments with French 
missiles with a view to study the emission 
of the ultraviolet doublet 3303 (4P-3S) and 
the intensity ratio of the lines 5893 and 3303. 

The first experiments were made during last 
March in French Sahara, where two “Véron- 
ique” rockets were fired, the first at 1840 hr 
GMT on 10 March and the second at 0544 hr 
GMT on 12 March; the first reached an alti- 
tude of 126 km and the second 180 km. 

The experimental details have been given in 
a previous publication”. Since our problem 
was the comparison of the intensities of the 
two lines, yellow and ultraviolet, it was of the 
utmost importance to get the two lines on the 
same spectrum. Hence the spectrograph was 
adjusted for focus in the two spectral regions 
and we used Kodak OaF plates, sensitive from 
6800 A to the ultraviolet. One spectrum was 
obtained for each firing; on 10 March the 
exposure time was 30 min, and on 12 March 
15 min only, owing to the increasing light of 
the dawn. 

[he plates and spectrograph were then cali- 
brated at the laboratory with a Philips sodium 
lamp which emits both lines with an intensity 
ratio which has been carefully measured. We 
found /..,,/1, 1277 


The first spectrum, obtained in the evening 
twilight, gives no evidence of the 3303 line: 
the second, at the morning twilight, gives a 
weak line at 3303; we must note that the ex- 
posure time was shorter and that the yellow 
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line was less than half the intensity obtained 
in the first case. Hence we may immediately 
deduce that the intensity ratio of these two 
lines is variable, but so far we are not in a 
position to say whether the difference comes 
from the different altitudes, or from the time 
of firing or from the atmospheric conditions. 

In spite of the difficulty of the comparison, 
due to the weakness of the ultraviolet line, we 
could determine the ratio of the energy inten- 
sities received at ground level: the intensity 
of the yellow line was 1-5 times the intensity 
of the ultraviolet line. We are conscious of the 
unavoidable sources of error of this measure- 
ment, and the figures given above are only a 
rough estimate of the intensity ratio; but it is 
of interest to compare this value to the similar 
measurement made by Cooper ef al., who 
have found a ratio of more than 1:100. We 
find that, in our experiment, the ultraviolet 
line was far more intense than 1/100th of the 
yellow line, while the ratio 1:100 is in agree- 
ment with the theory of resonance scattering 
A ratio of, say, 1:2 or 1:3 would indicate a 
quite different excitation. This means that 
different mechanisms are simultanously or suc- 
cessively present in the mesosphere. 

Further, if we contemplate the fact that in 
the first experiment 3303 line was not visible. 
we are brought to the conclusion that further 
investigations are necessary. We must remem- 
ber that Bedinger et al.” have not observed 
the ultraviolet line at night nor in the evening, 
and also that it is in the evening that the 3303 
line is missing in our Own experiments. 

In further experiments we intend to replace 
the ultraviolet spectrograph by a quartz spec- 
trograph, to increase the transmission for 3303 
line and to vary the conditions of the firing 
in order to examine the possibility of differ- 
ent kinds of excitation of the sodium ejected 
from the rockets. We intend also to find the 
spatial region where 3303 line is excited. 


RESEARCH NOTES 


Such information may be of importance for 
a better knowledge of the state of the upper 
atmosphere, which is substantially variable 
with altitude as was already noted in the U.S 
experiments 

A. AND E. Vassy 

Physique de I Atmosphére 
Faculté des Sciences de Paris 
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The current-jet hypothesis of whistler generation 


(Received 10 August 1959) 


The paper of H. Norinder and E. Knudsen, 


on “The relations between lightning discharges 
and whistlers”’, is of considerable interest 
from the standpoint of generation of whistlers. 
This part of the phenomenon has received little 
attention up to now, apart from the fact that 
the whistler is associated in time with a spheric, 
though it is known that not every spheric gives 
rise to a whistler. Only the high-energy sferics 
appear to be capable of generating whistlers, 
and of these only those with “slow tails” 
(which, as Norinder points out in his paper, 
apparently correspond to multiple discharges). 
The time lags involved in the “slow tails” are 
of the order of tens or hundreds of milliseconds, 
and the spheric energy peaks at around 5 kc/s, 
rather than near 10 kec/s as in the ordinary 
strong spheric. 

The insertion and passage of the extraordin- 
ary component of the spheric signal through the 
lower ionosphere, with the high values of 
collision frequency encountered there, appears 
to be the least understood part of whistler 
propagation. It is difficult to understand how 
upon occasions, long echo trains of twenty to 


thirty round trips can be achieved under such 
circumstances, nor how occasional amplification 
of whistler echoes can occur. (This phenome- 
non has been attributed to “polar creep’’, but 
either polar or equatorial creeps would be in- 
consistent with the widely accepted current 
belief in ducts of field-aligned ionization.) The 
diurnal variation in frequency of occurrence of 
whistlers is also consistent with strong absorp- 
tion in the lower ionosphere 

It is the purpose of this letter to outline what 
might be termed the current-jet theory of 
whistler generation and to review the evidence 
for such a hypothesis. In this theory, the pene- 
tration of the lower ionosphere is accomplished 
by a high-energy current jet which is emitted 
from the top of the thundercloud shortly after 
the spheric discharge occurs. Until it enters the 
ionosphere, the current jet is accelerated by the 
electrostatic field of the thunderstorm, and also 
interacts with one or more of the slow-tail 
portions of the spheric in such a way as to either 
amplify the spheric signal or be accelerated by 
it. During the passage through the lower part of 
the ionosphere the current jet becomes field- 
aligned and undergoes synchronous accelera- 
tion by a later spheric. During this phase, 
additional acceleration along the field line takes 
place due to the acceleration by collisions at 
the “magnetic mirrors” at each end of the path 
Meanwhile a travelling-wave-type interaction is 
taking place between the high-energy electrons 
launched in the current jet and the electromag- 
netic wave of the spheric signal. These 
high-energy electrons are trapped in the 
geomagnetic field and are reflected back and 
forth by the “magnetic mirror” in the lower 
ionosphere. The result is that the thunderstorm 
creates its own duct of field-aligned ionization, 
which guides and interacts with the spheric 
signal either to amplify or damp it out depend- 
ing upon the relative velocities of electrons and 
electromagnetic waves. Such accelerated 
current-jet electrons could also contribute in 
thunderstorm latitudes to the inner radiation 
belt, a slow tail of 1 sec duration corresponding 
to energies (for electrons) of 20 keV or more. 

Let us now review the evidence for such a 
hypothesis. Although the existence of upward 
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discharges from thunderclouds fell into disre- 
pute after some negative results were obtained 
in the late 1930's, the phenomenon seems to be 
well substantiated and has been personally 
witnessed by the writer. Perhaps the most sig- 
nificant evidence on the matter is the radar 
observations of G. C. Rumi™ at 27-85 Mc/s. 
Rumi observed a number of discrete columnar 
echoes, which travelled upward in the sub-iono- 
spheric region at speeds up to 200 km/sec. He 
attributed these to upward discharges. His 
paper, incidentally, contains an excellent sum- 
mary of the previous work on this subject, 
including C. T. R. Wilson's” theory of the 
vertical acceleration of the upgoing electrons by 
the electric moment of the thundercloud and the 
work of Watson Watt, Wilkins and Bowen” on 
the curvature of the upward discharges in the 
geomagnetic field. One notes that in the case 
considered by the latter authors, only the high- 
energy electrons (applied voltage>1-5 x 10°V) 
had sufficient energy to reach the ionosphere, 
the others either returning to earth or being 
collected along the conducting strata of the 
stratosphere in the neighbourhood of the ozono- 
sphere or the conducting layer at about 60-km 
altitude observed by Seddon in rocket flights. 
We note that the latter altitude (60 km), 
regarded as a wavelength, corresponds to a 
frequency of 5 kc/s, which also happens to be 
the frequency at which the energy spectrum of 
whistler-producing spheric peaks up, while the 
ozonosphere, centered at about 30-km altitude, 
corresponds to a frequency of 10 kc/s. As it 
happens, this is the frequency at which the 
energy spectrum of non-whistler producing 
spheric peaks up. 

Wilson estimated that electrons would be 
accelerated to energies of several tens of kilo- 
volts by the electrostatic field of the cloud. He 
further noted that a conducting atmospheric 
layer at an altitude of 60 or 80 km increases the 
vertical electrical force below it. If the field 
exceeds a certain critical value, the ions of the 
conducting layer acquire sufficient energy to 
cause ionization by collision. If the field is of 
sufficient strength to bring about collisional 
detachment for a considerable distance below 
the conducting layer, discharge of the upper 
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pole of the thundercloud to the upper atmos- 
phere can occur. The electron velocities are 
thus often of the right order (0-1 c) for synch- 
ronous interaction with the r-f wave. In the 
ionosphere and exosphere the particles are 
further accelerated by the “magnetic mirror” 
effect. The full theory of the accelerative pro- 
cess in detail remains to be developed, but 


portions already exist in magnetohydrody- 
namics and the theory of gaseous discharges, 
and the rest is discernible in its essential 
features 


The validity of the proposed hypothesis of 
whistler generation can be tested quite simply 
by making simultaneous observations with a 
whistler receiver and an Hf radar equipment 
similar to that described by Rumi. Time co- 
incidence (with appropriate lags) of whistler 
signals and echoes from upward discharges 
would provide a powerful argument for the 
current-jet hypothesis. 

W. C. HoFrMaNn 


Hughes Research Laboratories 
Culver City, California 
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On the polarization of the oxygen red line in 
aurorae* 


(Received 16 September 1959) 


In a recent paper Duncan‘” reported a 30 per 
cent polarization of A6300 [OT] in a low- 
latitude, red aurora. The interpretation of this 


* The research reported in this paper was supported 
in part by the Geophysics Research Directorate of 
the Air Force Cambridge Research Center, Air 
Research and Development Command, under Contract 
AF 19(604)-3044 with the University of Chicago 
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result was that the exciting electrons possess 
a highly preferential motion. Duncan gave 
plausibility arguments, based on semi-classical 
theory, that this motion would be perpendicular 
to the magnetic field (i.e. a gyrational motion), 
rather than along it. A correct explanation of 
the measurement is not, however, immediately 
apparent, and, in fact, it is not at all clear how 
such a large polarization could arise. 

Polarization is a direct consequence of the 
Zeeman effect and a precise calculation of the 
polarization requires a knowledge of how the 
magnetic quantum number M changes upon 
excitation—i.e. how the angular momentum of 
the atom changes direction. It is difficult to 
make any qualitative statements from the semi- 
classical theory, which is notorious for predict- 
ing incorrect polarizations, especially when 
there is electron exchange, as must be the case 
in excitation of the *P-'D multiplet. 

The magnetic field not only might be respon- 
sible for preferred directions of motion of 
exciting particles, but for a forbidden line, such 
as A 6300, it also produces magnetic depolariza- 
tion, because degeneracy is fully removed. The 
separation of the Zeeman states (Av~eH / 4=mx 
~10° sec~*) is large compared with the natural 
width (A /2=~10-* sec~'); or the atom will 
gyrate many times during its lifetime, insuring 
axial symmetry about the field. For exciting 


electrons whose motions are symmetric about 
the field, magnetic depolarization does not 
introduce any new effect on the angular depen- 


dence of the polarization. It is mentioned here 
to emphasize that there is symmetry about the 
field, and depolarization for observations along 
the field, regardless of the excitation mechanism 

¢.g., by resonance scattering in twilight 

The red lines arise predominantly from 
magnetic-dipole transitions, which are entirel) 
analogous to electric-dipole transitions if the 
electric and magnetic vectors, as well as the 
dipoles, are interchanged throughout (see Con- 
don and Shortley* p. 93). Let A™ be the 
probability for a transition in the line A 6300 
(P,—'D.) from Zeeman state M in the upper 
(’'D.) level to the lower level, with emission of 
a component polarized with the magnetic 


vector parallel to the external field. Similarly, 
A™ is the total probability for emission of com- 
ponents polarized perpendicular to the field. 
These partial transition probabilities are readily 
obtained from known intensity rules (see 
Condon and Shortley’*’, p. 387). The polariza- 
tion may then be expressed as 

pey- (1) 

+ J, z2—6sin* 

Here © is the angle between the magnetic field 
and the line of sight, and ./, and ./,, are the 
intensities with the magnetic vector perpendicu- 
lar and parallel, respectively, to the plane 
formed by the line of sight and the magnetic 
line of force through the emitting atom. The 
quantities z and f are 


2=LyNyA™ = A(5N, 


where A is the total transition probability for 
\ 6300, Ny is the population of state M, and the 
numerical values assume N_y 

The largest possible negative polarization 
(magnetic vector north-south for zenith obser- 
vations) is obtained by setting N, =N, =0; then 

2 3/2. Equation (1) then gives P,,,, (90°) 

3/5. However, Duncan’s observations were 
made at geomagnetic latitude 42°S, where the 
field lines are inclined to the vertical by 
approximately 30°. Thus the maximum polari- 
zation for zenith observations would be 
P (30°) 3/11, which is about the polarization 
reported. 

There are a number of effects, however, that 
will lower the actual polarization from this 
theoretical maximum: (1) A preferential direc- 
tion in the motion of the exciting electrons (for 
excitation by inelastic collisions) would be ex- 
pected to produce some polarization, but the 
relatively slow electrons important for exchange 
collisions should have a nearly isotropic 
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distribution. Thus only a small polarization 
would have been anticipated, whether the 
electrons are primaries that have suffered many 
decelerating collisions, ejected secondaries, or 
electrons locally accelerated by the action of 
hydromagnetic waves* or even electric fields. 
(2) Even with a highly directed beam, any in- 
elastic collisions that excite M=0 or +1 will 
decrease the polarization. (3) Depolarizing 
collisions, which change the Zeeman state of 
the upper level (i.c. change the orientation of 
the excited atom), may be important for a level 
with such a long lifetime. 

The need for polarization measurements on 
the aurora was emphasized earlier by 
Ginsburg’, who showed, incidentally, that the 
green line would not be polarised.t He 
suggested that molecular nitrogen bands, which 
may be excited in part directly by incident 
primaries, would be the most likely emissions 
to be polarized. A high polarization for A 6300 
is quite startling and would scarcely have been 
predicted. 

J. W. CHAMBERLAIN 
Yerkes Observatory 
University of Chicago 
Williams Bay, Wisconsin 
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* This process, which may be regarded essentially 
as a means of raising the electron temperature, is 
attractive insofar as the low-latitude aurorae, with their 
extremely high red/green intensity ratios, are con- 
cerned. As in the electric-discharge mechanism, the 
excitation of the red lines could be enormously greater 
than for A5S577. whereas impact by fast. extraterres- 
trial primaries and their secondaries presents some 
difficulties in regard to this ratio 


+ Ginsbure’s calculation of the polarization of 
16300 from resonance scattering (2/79) used quad- 
rupole transition probabilities for the Zeeman com- 
ponents. The transition is, however, principally 
magnetic dipole, and dipole components give 8/< 
7/85 or P(90°)=7/51 for no magnetic field or a 
magnetic field parallel to the incident beam. For 
other orientations there is no difficulty in principle in 
computing the polarization. 


Micrometeorite impacts to an altitude of 


135 km 
(Received § October 1959) 


Long term measurements of the average in- 
flux rate of micrometeorite particles (diameters 
about 10) or larger meteoritic particles have 
been made in artificial earth satellite vehicles 
using ballistic piezoelectric pickups‘ and grid 
abrasion detectors”. For both methods, 
average counting rates are probably about 1-7 
<10-*° impacts/m*/sec. Dubin (reported by 
Manring™) used microphone detectors and 
found that the average influx rate for particles 
with diameters greater than about 3” was 
around 3x10 impacts/m*/sec. Superim- 
posed on this low background influx Komissar- 
ov and others“ found short term influx rates 
as high as 22 impacts /m*/sec between 1700 and 
1880 km, with others of 10 impacts/m*/sec 
between 1300 and 1500 km and 9 impacts/m* 
sec between 500 and 600 km suggesting the 
existence of micrometeorite streams which 
reach the earth from different directions 


Similarly Richter (reported by Kellogg®’) has 


suggested that the U.S. satellite Explorer III 
may have been hit by the eta-Aquarid meteor 
shower when two of the wire detectors were 
severed almost followed by 
erratic behaviour in the high-power transmitter 

In direct 
rates 


simultaneously, 


contrast to the low average infall 
measured in_ satellites, Berg and 
Meredith” reported a very much higher impact 
rate on a detector in an Aerobee rocket fired to 
103 km. Their detector was a polished lucite 
cone set in a plastic housing and mounted with 
its flat base recessed into the outer skin of the 
rocket and its apex directed inside the rocket 
The lucite cone was completely covered with a 
thin (8 x 10-° cm) opaque layer of aluminium 
except for a clear exit window at its apex. A 
photomultiplier was placed adjacent to this 
window and the small light flashes emitted by 
the impacting micrometeorites which penetrated 
the opaque aluminium coating of the detecting 
surface was captured within the lucite cone and 
reflected into the photomultiplier. The output 
pulses from the photomultiplier were suitably 
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amplified, stretched and then telemetered back 
to a ground recording station. Berg and 
Meredith estimated that their detector would 
detect impacts of micrometeorites having ener- 
gies as low as 0-005 erg, corresponding to an 
Iron micrometeorite with a diameter of I» and 
a velocity of only 0-5 km/sec. The result of 
their experiment indicated very few impacts 
below 85 km and an approximately constant, 
average rate of about 1-6 x 10° impacts /m?*/sec 
above this altitude. This rate is about five 
orders of magnitude greater than the satellite 
rates 

In view of this discrepancy, it was decided 
to repeat the Berg and Meredith experiment 
using a Long Tom two-stage rocket fired from 
the Woomera Rocket Range, Australia, as part 
of the IGY Upper Atmosphere Research Pro- 
gram. Dr. Berg very kindly supplied construc- 
tional details of the detector and amplifier so 
that the present experiment was essentially 
identical to that performed by Berg and Mere- 
dith except in the following minor respects. In 
view of the fact that most of the aluminized 
surface of one of the detectors used by Berg 
and Meredith had been burned off in the denser 
parts of the atmosphere, it was decided to cover 
the exposed detector surface in the present 
experiment with a metal band which was auto- 
matically removed at an altitude of 53 km. 
Since the Long Tom rocket reaches accelera- 
tions of up to 70g, special precautions had to 
be taken to ensure that the photomultiplier and 
the vacuum tubes in the amplifier would not be 
damaged during the firing. The photomultiplier 
tube was accelerated to 70g for a few seconds 
on a centrifuge and X-ray examination before 
and after acceleration showed no change in 
internal structure and the tube operated 
perfectly. The performance of the amplifier 
over the duration of flight of the round was 
monitored by feeding a test pulse into the 
amplifier. This test pulse was recorded at the 
ground station for the whole of the time of 
flight of the round and indicated that the 
amplifier was operating satisfactorily through- 
out. 

The round (LT 10) was fired at night (1022 
hours GMT) on May 27th, 1959 and reached an 


altitude of 135 km. The duration of flight was 
495 sec, the cover was removed from the detec- 
tor at 53 km after 50 sec of flight and 210 sec 
were spent at altitudes above 85 km. If the 
influx of micrometeorites is as high as Berg and 
Meredith reported, then about 276 impacts 
should have been recorded in this time (detector 
area 82 cm*); however no impacts were recorded 
during the entire duration of the experiment. 
There is no reason to assume that the photo- 
multiplier failed during the experiment and the 
amplifier was shown to be operating through- 
out, so that the absence of recorded impacts 
does not seem to be attributable to equipment 
failure 

Since no impacts were recorded, then no 
statement can be made about average influx 
rates, however it is possible to give an upper 
limit to the influx rate. 

If the influx rate (A) is assumed to be constant, 
then the probability that an impact will be 
recorded in any short time interval (df) on a 
given area (A) is given by AAdr. Furthermore, 
if the probability of two impacts occurring with- 
in time df is an infinitesimal of a higher order, 
the probability (P) of recording X hits in time 
t on an area A is given by: 


Ary 
P 


Since A=82 10-* m® and 1=210 sec, it is 
then possible to allocate the following upper 
bounds to the influx rate corresponding to 
various confidence coefficients : 


Upper bound for A 


Confidence coefficient (impacts /m? /sec) 


0-95 2 
0-99 3 
0-999 4 


Thus the probability is >0-95 that the upper 
bound of 2:1 impacts /m*/sec is greater than the 
true impact rate of micrometeorites. 

This upper limit includes the satellite rates 
and so is consistent with them, however it is 
about two orders of magnitude less than the 
average rate calculated by Berg and Meredith 
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The reason for this discrepancy is not certain 
but it may be that their high influx rates may 
be explained by the fact that their count was 
made during the Leonid meteor shower whereas 
the time at which the present experiment was 
made did not coincide with any known meteor 
shower. If this explanation is correct, then the 
influx rate of meteor particles during the 
occurrence of meteor streams may be as high as 
five orders of magnitude greater than the back- 
ground influx rate of micrometeorites given by 
the satellite experiments. 
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PHOTOCHEMICAL FORMATION OF ORGANIC COMPOUNDS 
FROM MIXTURES OF SIMPLE GASES 


W. E. GROTH and H. v. WEYSSENHOFF 
Institut fiir Physikalische Chemie, Universitat Bonn 


ethane with ammonia and water vapour which were irradiated with light of extremely short 
wavelengths. Both mercury-sensitized and direct photolysis experiments were carried out. 
Sensitized experiments with a mixture of methane, ammonia and water vapour did not yield 
any reaction products. Amino acids, low fatty acids and liquid hydrocarbons were obtained 


when methane was replaced by ethane. 


Amino acids and fatty acids were quantitatively 


determined. In direct photolysis experiments with mixtures of methane, ammonia and water 
vapour, using the resonance radiation of xenon, glycine was formed which was detected by 
paper chromatography. The relation of these experiments to the photochemical processes in 


1. INTRODUCTION 

As hypothesized by A. IL. Oparin®’, H. C. 
Urey”, W. Kuhn® and J. D. Bernal’, the 
earth’s atmosphere was in a reduced state in 
the early stages of its evolution. This atmos- 
phere contained hydrogen, methane, ammonia 
and water vapour but no free oxygen. Under 
the influence of ultraviolet sunlight as well as 
electric spark discharges and lightning these 
gases were dissociated. While hydrogen 
escaped into space *’ the remaining gases were 
slowly oxidized. In the course of this oxida- 
tion process many simple organic compounds 
were possibly formed in the atmosphere as 
intermediate products. These compounds 
were washed down with moisture and accumu- 
lated in the oceans, thus providing favourable 
conditions for the evolution of primitive living 
organisms" 

The formation of organic compounds under 
conditions which are present in the reducing 
atmosphere was demonstrated by various 
laboratory experiments. S. L. Miller as well 
as K. Heyns et al.” and H. A. Rathsack’’’, 
exposed a mixture of methane, ammonia, water 
vapour and hydrogen to an electric spark dis- 
charge. From these experiments they obtained 


the atmosphere of the earth in its early stages is briefly discussed. 


several amino acids, carboxylic acids, amines 
and other organic compounds. 

Electric discharges were probably not the 
strongest source of energy although they would 
form ions and radicals of high concentration 
near the earth’s surface. As emphasized by 
Urey” and Miller’, the greater part of the 
energy would be contributed by the ultraviolet 
radiation of the sun. 

For this reason, gas mixtures consisting of 
methane or ethane in combination with 
ammonia and water vapour were irradiated 
with ultraviolet light in mercury sensitized as 
well as direct photolysis experiments. Ff 
irradiation the resonance wavelengths at 25 
A and 1849A of mercury, and at 1470A and 
1296 A of xenon were used. Some results of 
these experiments were reported previously’ 
A detailed description of the experimental 
technique and a discussion of the results are 
given in the present paper. 


2. APPARATUS AND ANALYTICAL 
METHODS 
For the mercury-sensitized experiments, a 
circulating system was used consisting of a 
mercury low-pressure discharge lamp, a 
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mechanical circulating pump", a 5 liter flask, a The sensitized experiments using mixtures of 
small boiling flask and a condenser, as shown methane, ammonia and water vapour did not 
in Fig. 1. The mercury quartz lamp has the yield any reaction products, since methane does 
shape of a Liebig condenser with a length of | not absorb appreciably above 1450 A". For 
m. Its quantum yield was determined by this reason, a radiation of wavelengths shorter 
measuring the photodissociation of mono- than 1450A had to be applied. As a light 
chloroacetic acid" to be 3x 10'* quanta/sec. source, a quartz lamp was used of the type 

The gas mixture circulates in the direction developed by P. Harteck and R. Oppen- 
marked by the arrows in Fig. 1. At D, water heimer’”, and W. Groth”. It was operated 
vapour enters the gas circulation path and is with a discharge in a neon-xenon mixture at 
condensed, after leaving the lamp, in the con- ca. 50 A which emitted the xenon resonance 
denser together with the reaction products. The wavelengths at 1470 and 1296A through a 
condensate is led back through the U-tube into calcium fluoride window. The neon in the 
the boiling flask. The flask is filled with 100 discharge had to be purified by extensive cir- 
m! of bidistilled water through the side arm culation over cooled charcoal traps before 
A which also serves for the removal of the xenon was added. The top of the lamp was 
product solution for analysis. The tube con- located within a 3000G magnetic field in order 
necting the flask with the lamp is heated by an to concentrate the discharge directly in front of 
asbestos heating coil in order to prevent the window. The lamp emitted a maximum 
condensation of the water quantum yield of 2 10°* quanta/sec which 

Before starting each run the whole appara- was determined by photochemical formation of 
tus was carefully washed by means of alkaline ozone. 


permanganate solution. For all runs with It has been attempted to operate the lamp 
sensitizer, a droplet of mercury was heated in with a neon-krypton discharge using lithium 
the evacuated jacket of the lamp fluoride windows. In this case the resonance 


mercury lamp 


ral 
3 
Lend ? 
circulating pump - 


i 
5-liter flask 


7 heating coil 


boiling flosk 
Fig. 1. Apparatus used for the mercury-sensitized experiments. 
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wavelengths at 1236 and 1165A would be 
available which had the advantage to be more 
efficient for the photodissociation of methane. 
The transparency of the lithium fluoride win- 
dows was, however, reduced by a factor of 100 
during each run whereas that of the calcium 
fluoride windows remained nearly constant. 

A thermal convection circulating system was 
used as reaction vessel as is shown in Fig. 2. 


apparatus is connected to the lamp by a metal 
mounting to which the window is cemented as 
well. The mounting is cooled by the same 
thermostated water as the other parts of the 
apparatus. 

For reasons discussed below, the temperature 
of the cooling water had to be kept at 55°C. 
By means of heating coils all free parts of the 
circulating system were kept at this tempera- 


gos inlet 


heating coil 


woter 


filling flask 


lamp 


glass boat 


Fig. 2. 


fluorite 


window 


Circulating system operated with thermal 


convection. 


The right arm of the system is heated to 
200°C. The left arm and the reaction chamber 
are cooled with water which is kept at constant 
temperature by a thermostat. A little glass 
boat which contains water is situated directly 
behind the reaction zone. Thus the gas 
mixture and any reaction products come into 
contact with the water immediately after 
irradiation. The water is supplied to the boat 
by rotating the small flask into which water had 
been distilled before admitting the gases. The 


ture in order to prevent the water inside the 
glass boat from condensing elsewhere. The 
temperature was limited by the properties of 
the cements used for mounting the window and 
connecting the apparatus with the lamp. 

At elevated temperatures the most reliable 
material for cementing the window was a poly- 
merized resin* which, however, contains 
nitrogen bonds. It was confirmed by control 


* Araldit, produced by Ciba, Basel. 
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tests that traces of this resin found their way 
into the gas mixture and thus obscured the 
detection of photochemical reaction products 
This source of error could be removed by a 
teflon seal which consists of a ring-shape cut 
from a thin sheet. This ring was pressed 
tightly against the edge of the window by 
means of a threaded cylinder. The arrange- 
ment is shown in Fig. 3 


window 


Fig. 3. Arrangement of the Teflon seal 


Preparation of the gases 

Methane, ethane and ammonia were avail- 
able with a purity of at least 99 per cent. The 
gases were distilled several times, each middle 
fraction being retained. During this operation 
it was taken care that the gases did not come 
into contact with mercury. 


Analytical methods 

The solutions resulting from the experiments 
with the mercury lamp were analysed by a 
procedure similar to that used by Miller” 

Amino acids were detected by a paper 
chromatographic _ test The chromatograms 
were developed by a descending technique 
using a mixture of 50 per cent water, 40 per 
cent n-butanol and 10 per cent acetic acid, or 
water saturated phenol. 

The original solution containing the reaction 
products and ammonia absorbed from the gas 
phase was separated into two fractions by 
passing through a cation exchange column of 
30 cm length and 12 mm in diameter, filled 
with Dowex 50 in H*-form. Acids and non- 
ionic compounds were obtained by elution with 
water. Amino acids were eluted by a 2N 
solution of ammonia. Basic compounds 
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stronger than ammonia, e.g. simple amines, 
were retained in the column. These compounds 
were eluted with hydrochloric acid but could 
not be detected and separated from the large 
excess of ammonia. 

The amino acids were quantitatively deter- 
mined by ion exchange chromatography 
employing the method developed by S. Moore 
and W. H. Stein"*’. 

The carboxylic acids of the first fraction 
were determined by means of the procedure 
described by W. A. Bulen et al”. This frac- 
tion was neutralized with sodium hydroxide 
and evaporated. The remaining sodium salts 
were dissolved in dilute sulphuric acid, and 
admitted to a column filled with silicia gel 
which had been prepared with 0-5 N sulphuric 
acid. The carboxylic acids were eluted with 
mixtures of chloroform and butanol of various 
concentrations in the following order: 100 ml 
of 5 per cent, 100 ml of 15 per cent, and 100 
m! of 25 per cent n-butanol. The eluate was 
collected in samples of ca. 3 ml and titrated 
with 1/100 N sodium hydroxide. In prelimin- 
ary tests with known amounts of free acids, the 
positions of formic, acetic, propionic and lactic 
acid were determined. The same positions were 
obtained when the acids were admitted as 
sodium salts 

The solution arising from the direct photo- 
lysis experiments was only tested for amino 
acids by the chromatographic test as described 
above. The ion exchanger method was found 
to give negative results since it was not 
sufficiently sensitive to detect the extremely 
small amounts of amino acids. 


3. EXPERIMENTAL RESULTS 

Mercury-sensitized experiments 

The gases were admitted to a total pressure 
of nearly | atm. During the irradiation the 
lamp warmed up to ca. 50°C; the partial 
pressure of water vapour inside the reaction 
vessel was approximately 100 mm Hg corres- 
ponding to this temperature. The time of 
irradiation was | week for each experiment. In 
all runs using mixtures of methane, ammonia 
and water vapour no reactions were observed. 
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Table 1. 


Gas mixture (mm Hg) 


CH, (200), NH, (200), H,O 
C,H, (400), NH, (200), HO 
C,H, (400), NH, (200), HO 
C,H, (600), HO, (NaOH) 
C,H, (600), HO, (NaOH) 


Neither amino acids nor other compounds 
could be detected. 

In the runs using ethane, ammonia and 
water vapour, a chemical conversion became 
visible after 6 hr of irradiation. A separate 
layer of a colourless liquid was collected in the 
U-tube below the condenser (see Fig. 1). The 
liquid consisted mainly of higher hydrocarbons 
which were not examined in detail. The paper 
chromatographic test of the water solution 
showed strong spots which were determined to 
be due to glycine and 2-alanine by comparing 
with standard acids. In addition, weaker spots 
appeared which were not identified. 

The quantitative analyses yielded consider- 
able amounts of simple amino acids and fatty 
acids. Nearly the same results were obtained 
whether or not mercury was added as sensitizer. 
From mixtures of ethane and water vapour, 
however, fatty acids and liquid hydrocarbons 
were formed only if mercury was present. In 
these runs the water in the boiling flask was 
made alkaline in order to retain volatile acids 
in solution, replacing the ammonia present 
otherwise. 

Control experiments without irradiation 
which were carried out with all combinations 
of gases did not yield any detectable reaction 
products. 

The experiments are compiled in Table 1, 
including the composition of the gas mixtures 
and a summary of the resulting products. 

The results of the quantitative analyses of 
amino acids and fatty acids in « moles are 
given in Table 2. 


Direct photolysis 
With the xenon lamp a maximum of 2 x 10"* 
quanta/sec was available as compared to 


Amino 
acids 


Carboxylic 
acids 


Hydro- 
carbons 


+ 


+ 


3x 10'* quanta/sec with the mercury lamp. If 
one assumes that the quantum efficiency for the 
formation of amino acids is the same in both 
series of experiments one could expect no more 
than a few micrograms of amino acids even 
under the most favourable conditions. 

The experiments and analytical procedures 
had therefore to be carried out with carefully 
sterilized apparatus and controlled by repeated 
blank tests. In these blank tests which 
alternated with the full runs, either methane or 
ammonia in combination with water vapour 
was irradiated, all other conditions being kept 
the same. 

In the full runs the gas mixture was com- 
posed of 400 mm Hg of methane and 200 mm 
Hg of ammonia. For blank tests the apparatus 
was filled with 600 mm Hg of either methane 
or ammonia. The time of irradiation was 
approximately 30 hr in each run. 

The water solution resulting from the full 
runs was concentrated in vacuo and completely 
transferred to a few paper strips. The solution 
resulting from blank tests was concentrated on 
a single chromatogram. 

Table 2. Amounts of Amino and Fatty Acids 
in umoles 


Experiment No. 
Glycine 
z-alanine 
z-amino butyric acid 
Total 


Formic acid 
Acetic acid 
Propionic acid 


Total 
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In the first experiments the reaction vessel 
was kept at room temperature. Thus the water 
vapour pressure inside the vessel was restricted 
to ca. 20 mm Hg. Under this condition no 
products could be detected. The formation of 
compounds like organic acids should depend 
on the presence of OH radicals arising from the 
photolysis of water. For this reason, the tem- 
perature was increased to 55°C in order to 
increase the pressure of water vapour to about 
120 mm Hg. 

With this change in experimental conditions 
the chromatograms of the full runs showed 
several spots. One of them was definitely 
determined to be glycine, since this spot was 
located at the same position as the standard 
glycine admitted for comparison. Glycine was 
identified on all strips independent of the 
developing solvent. Another spot could be 
attributed to 2-alanine in several chromato- 
grams. The identification of this amino acid 
could, however, not be accomplished since the 
spot was very weak and often superimposed or 
shifted by other spots. The chromatograms of 
the blank tests did not show any spots after 
the window cement was coated by a Teflon seal 
as described above. 


4. DISCUSSION OF THE RESULTS 

In the mercury sensitized experiments no 
reaction products are obtained with mixtures 
of methane, ammonia and water vapour. This 
can be understood by comparing the cross sec- 
tions for quenching the Hg-resonance. The 
values 30«10-"* cm*® of ammonia and 
1:0 10-** cm? of water are 50 and 20 times 
greater, respectively, than the value 0-06 x 
10-** cm? of methane’. Therefore the 
excited mercury atoms react nearly exclusively 
with the former two gases, and only H-atoms, 
OH- and NH,.-radicals occur as photo- 


Table 3. Absorption coefficients at NTP 
in units of cm™' 


Wavelength 


Methane 
Ammonia 
Water vapour 


1296 A 


460 
100 


1470 A 


chemical primary products. On the other 
hand, methane is not attacked by radicals and 
H-atoms up to a temperature of 300°C as con- 
firmed by several investigations”. 

The quenching cross section of ethane 
(0-11 x 10-** cm*) is not much greater than that 
of methane. Thus the reaction 


He*+C.H,—>C.H, +H + He 


yields only a small contribution to the dissocia- 
tion of ethane. Ethyl and methyl radicals, 
however, are probably formed for the most part 
by the reaction of ethane with H-atoms arising 
from the dissociation of ammonia and water 
vapour: 


C,H, +H—> C,H, +H, 
C,H, +H—> C,H," 
—>2CH,"”. 


This is confirmed by the non-sensitized runs 
using ethane, ammonia and water vapour (runs 
no. 3 and § of Table 1), which yielded nearly 
the same results as the sensitized runs. In 
non-sensitized experiments, ammonia is the 
only constituent which is dissociated by direct 
photolysis. The quantum energy available 
from the mercury lamp is not sufficient to 
dissociate ethane and water vapour 
directly“* Therefore reaction products 
were obtained from the runs using ethane and 
water vapour only if mercury sensitizer was 
present 
Under irradiation with the xenon resonance 

wavelengths, the following primary reactions 
occur in mixtures of methane, ammonia and 
water vapour: 

CH, + hv—>CH,+H 

NH, + hyv—> NH, +H 

H,O + hy—> OH + H. 
The absorption coefficients at the wavelengths 
1296 and 1470 A taken from the measurements 
of Watanabe et al." are listed in Table 3. 

The ratio of the light intensities at the wave- 

lengths 1470 and 1296 A can be estimated to be 


in the order of 10:1. Considering the values 
of absorption coefficients it is reasonable to 
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assume that the radicals CH,, NH, and OH are 
primarily formed at a comparable rate from 
the gas mixtures used in the runs. 

As a final product, only glycine could be 
definitely determined, but even this in 
extremely small amounts compared with the 
sensitized experiments. This may be explained 
mainly by the small quantum yield available 
from the xenon lamp. 

In addition, C,H,-radicals are formed pri- 
marily in experiments with ethane, in contrast 
with CH,-radicals in the experiments with 
methane. Assuming that in the former case, 
the C-C bond of the glycine molecule is readily 
provided by the C,H,-radicals*), this C-C 
bond must first appear in the case of reactions 
with methane. For this purpose at least one 
additional step would be necessary. The 
formation of glycine would therefore be more 
probable if C,H,-radicals are primarily present 
rather than CH,-radicals. 

The formation of carboxylic acids in the 
sensitized experiments using only ethane and 
water vapour permits the conclusion that the 
COOH group can be built up by a mechanism 
which does not contain intermediate nitrogen 
compounds. 
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Abstract 


The degree of ionization of hydrogen and helium in a static interplanetary 


gas 


calculated and the expected intensities of the more intense helium emission lines in the visible 


and infra-red regions are given as a function of electron density and kinetic temperature. 


A 


zodiacal light spectrum recently obtained places an upper limit on the static electron density for 


given kinetic temperatures. Future 


hich resolution 


observations of \ 5876 or \ 10.829 4 could 


give useful upper limits on the static electron densities for kinetic temperatures below 10°°K 


Comments are made on the observations of 


1. INTRODUCTION 
Very little is known about the interplanetary 
gas. It is generally believed that fast solar 


streams or corpuscular radiations are respons- 


ible for intense terrestrial magnetic storms and 
at least part of auroral activity. In addition to 
these fast streams, an interplanetary gas has 
been suggested mainly from observations of the 
zodiacal light Whipple and Gossner‘” 
suggested in 1949 that the electrons resulting 
from the ionization of this gas are responsible 
for most of the polarized component of the 
zodiacal light and that the light scattered by 
interplanetary dust is only weakly polarized. 
Whistler observations have given electron 
densities near the earth and observations of 
radio star scintillations and the solar corona 
have given information on electron densities 
near the sun. The electron density of the inter- 
planetary gas is thought to be about 100 to 1000 
cm~* at the earth’s orbit. It is often believed 
that the degree of ionization is high and that the 
kinetic temperature is between 5000 and 
10°°K, although in 1959 Kupperian et al." sug- 
gested a temperature of about 400°K. 

It is not known whether the gas is static or 
moving radially with respect to the sun. As 
there have been no reported fluctuations in the 
polarization of the zodiacal light, it is usually 
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assumed that the gas is static. On the other 
hand, comet tail accelerations have been ex- 
plained by a gas streaming away from the sun, 
and the ionization and brightness of comet 
nuclei have also been explained by the impact 
of the particles of such a streaming gas. A 
summary of the above known facts and views 
concerning an interplanetary gas has been given 
by Piggott and Allen™® in 1957. 

The physical properties of this gas are of 
fundamental importance for the study of any 
phenomena involving solar-terrestrial relation- 
ships and these properties could be determined 
if we could observe an emission line produced 
by the gas. Smyth” attempted in 1954 to detect 
an extra absorption line in the solar spectrum 
which could be attributed to corpuscular radia- 
tion but this difficult observation did not give 
any positive results. There has been no attempt 
to observe emission lines from a solar stream 
although Jones’ has observed the H and K 
emission lines of Call in the night sky and 
these could be connected with such a stream. 
This communication discusses the possibility of 
observing a useful emission line from a static 
interplanetary gas. 

The possibilities of observing an emission line 
can be assessed only if the degree of ionization 
is known for the particular element under dis- 


. 
- 
: 
2 
Py 


cussion. Since hydrogen and helium are the 
two most abundant elements, they are obvious 
choices for investigation. Of these two 
elements, helium is the more interesting because 
of the triplet states which give rise to emission 
lines in the visible and infra-red regions. 
Hence, it is instructive to investigate the 
possibility of observing a line arising from these 
triplet states. On the other hand, the majority 
of singlet atoms are in the ground state and 
hence the strongest singlet emission line is in 
the far ultra-violet. The intensity of other 
singlet fluorescent lines depend on the intensity 
of the exciting radiation around 550A. 
Similarly, for hydrogen the strongest emission 
line is Lyman 2 and the intensity of the Balmer 
lines depend on the intensity of the exciting 
Lyman radiation. The first step in this 
investigation is the calculation of the degree of 
ionization of hydrogen and helium. 


2. GENERAL REMARKS ON THE IONIZATION 
OF HELIUM AND HYDROGEN 

There have been three estimates of the 
ionization of interplanetary hydrogen. Opik? 
concluded in 1954 that hydrogen is almost com- 
pletely ionized out to approximately the orbit 
of Jupiter. He used an electron kinetic tem- 
perature of about 1000°K obtained by 
considering the distribution of interplanetary 
matter perpendicular to the ecliptic. He 
assumed an electron density of 600 cm~* and a 
flux of photons of 5:10'' cm~? sec~' with ener- 
gies greater than 13-5 eV at a distance of one 
A.U. from the sun. Elsisser“ in his review of 
1958 on interplanetary material, reaches a 
similar conclusion concerning the degree of 
ionization. He assumed an electron kinetic 
temperature of 7000°K and black body radia- 
tion from the sun at the same temperature. Both 
calculations neglect the variation of the atomic 
absorption coefficient with frequency and the 
ionization by collision with electrons. Kup- 
perian et al” in 1959 arrived at a similar 
conclusion for their cold gas. Several 


investigators have calculated the ionization and 
population of excited states of hydrogen and 
helium for solar conditions®~*”, 


and for 
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gaseous nebular conditions“”. The conditions 
in interplanetary space are intermediate between 
those existing in the sun and in gaseous 
nebulae, because collision excitations and 
ionization can be important and the radiation is 
moderately diluted. 

The temperature, electron densities and dilu- 
tion of radiation are kept as variables and the 
following assumptions are made in the calcula- 
tion of the ionizations. As hydrogen has the 
highest cosmic abundance and is almost 
completely ionized it is assumed that the 
electron density is equal to the total hydrogen 
density. This means that the gas consists 
mainly of electrons and protons. The interac- 
tion of dust with the gas is neglected because 
the dust density is about 10 particles cm 
and the electron density is about 100 cm 
The gas is considered to be optically thin. The 
ionization processes considered are photo- 
ionization and ionization by electron collision 
The cross-sections for ionization by electron 
and proton collision are nearly the same. as was 
shown by Dalgarno and McDowell” in 1955, 
and thus the ratio of the rates of ionization by 
collisions of electrons and protons is equal to 
(proton mass/electron mass)'!*. Hence ioniza- 
tion by proton collision is neglected. The 
recombination process is considered to be 
photo-recombination. Three body collisions 
and charge transfers are neglected because of 
the small densities and also because most of the 
gas is in the form of electrons and protons. The 
electrons are assumed to have a Maxwellian 
velocity distribution although this is not neces- 
sarily true. Stimulated emission is neglected. 

In the calculations the ionization and 
recombination rates and, if necessary, the 
excitation rates are considered and solutions are 
found for the steady state. Therefore, the 
results are true only if the gas exists for at least 
the life of a free atom or an ion, which may be 
measured in years or centuries, i.e. the gas must 
be static. 


3. THE FORMULAE AND DATA EMPLOYED 


Let the number of s-times ionized atoms in 
the mth quantum state be n, ,.. Then it is well 
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known"* *® that the rate of photo ionization/ 
cm’ /sec is 


Ny m (7% 


where /, W,/r° is the incident radiation in the 
spectral range of v to v+dv, r is the distance 
from the sun in A.U. and W, is the dilution 
factor for r=1. »,, is the frequency at the 
ionization limit and (.7%',),. is the atomic 
absorption coefficient for the quantum state m. 


Am 


The electron collision ionization rate is given 
by Za= Qs, mvdn, where q,, is the cross- 
section and dn, is the number of electrons with 
velocities between v and v+dv. Now, for 
hydrogen and helium’ 


4b (xa’) Xs.» 


where =a® is the area of the first Bohr orbit, «, 
and y,.. denote the incident electron energy 
and the ionization potential, respectively, in 
rydbergs and b is a constant, taken to be 4 
following Woolley and Allen’”. Upon making 
the required substitutions and integrations with 
the assumption of a Maxwellian velocity distri- 
bution for the electrons 


Me 
Za=2' .10-* > E 2 


where n, is the electron density, 7, is the elec- 
tron kinetic temperature, k is Boltzmann's 
constant and E,. *+ xE,(—x) where 


z 


‘dt 


The photo recombination rate per cm’ to the 
mth quantum state of an s times ionized atom 
is where is the 
cross-section and n,,, is the density of (s+ 1) 


times ionized atoms. Now from Ambartsum- 
yan"* or Unséld"” 


where g, ,, is the statistical weight of the mth 
quantum state of an s times ionized atom, u 

is the partition function of the (s+1) times 
ionized atom and the other symbols have 
already been defined or have their conventional 
designations. Upon making the required sub- 
stitutions Z, , is obtained for different p. 


and 


4 


xexp | “ 


The case for p=1 is not required. For a 
hydrogen like atom, p=3, u,4,=1; .=2n". 
The absorption coefficient .7 , is given by 


32z*e*RZ* 1 
3/ 


where ¢ is the Gaunt factor of about 
unity’* '*. Ze is the net nuclear charge and 
R is the rydberg frequency. From (4) the photo 
recombination rate for hydrogen is 


[Zn 3 22 10 = M, T) (5) 


where M, (n, T)= 
7 


The function M, (n,T) has been tabulated for 
a few of the desired temperatures by Cillié°” 
who in 1932 investigated hydrogen equilibrium 
in gaseous nebulae. 

The rates of excitation by collisions with 
electrons are also required. Various cross- 
sections are given by Allen”. The cross-sec- 
tions for optically forbidden excitations are 


given by Q, .,,=0:237b gs xa? 


“al 
4 
= 
4 
x 
| 
> 
= 
4 
q 
“4 


For optically allowed excitations the cross- 


sections are Q 
e 


A->B 
where g, and f are the multiplicity of the upper 
state and the absorption oscillator strength, 
respectively. b is a factor determined experi- 
mentally and is given by Allen“®. The other 


symbols are defined above. Now, the excitation 
rates are 


2°04. 10-* 
VT. 


Z (6) 


XAB 

kT, 
for optically forbidden excitations. For optically 
allowed excitations 


1:41.10-? (xan). 
E(t); (7) 


Xue iS in electron volts. The de-excitation and 
excitation rates follow a Boltzmann law such 
that 


Na Me 2a 


The data employed are given in Table 1..7., 
and p were obtained from Goldberg” and 
Allen’®. The value of {/, W.A’*'dA from 0 to 
A,, was estimated from the theoretical work de- 
scribed in 1955 by de Jager” and the rocket 
measurements of Friedman’? which are in 


Atom and state (cm?) P 


HI 63x10-18 
Hel I'S 76x 10-* 
2° § x 10-18 
2° P 160x10-!8 
2'S§ 10°5x10-*8 
2'P 13-0x 10-1! 
Hell 1° S 18x 
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reasonable agreement with each other. Since the 
solar radiation in the above integral is weighted 
with A’*' the solar radiation just below the 
ionization limit A,, is the most important and 
the fluctuations of solar radiation at shorter 
wavelengths will have little effect on the value 
of the integral. For the conditions of inter- 
planetary space, the most important integrals 
are those associated with the ground states of 
H I, He I and He II. Unfortunately the intensity 
of the solar radiation in the region of A,, for 
these particles can be measured only from 
rockets or satellites and is not yet well known. 


4. HYDROGEN IONIZATION 

It was estimated from Friedman’s®' measure- 
ments of Lyman 2 that a negligible number of 
atoms are present in the n= 2 level of hydrogen. 
Thus it is safe to conclude that ionization from 
the ground state only need be considered. 
Recombinations, however, occur to all quantum 
levels and the recombined atoms cascade to the 
ground level. Of the negligibly few atoms 
excited from the ground state, most will fall 
back to the ground state instead of being 
excited again or becoming ionized, owing to the 
long time between electron collisions and the 
diluted radiation. Upon solving the equilibrium 


oc 
equation, => and using 


equations (1), (2) and (5) the ionizations of Fig 
1 were found. Z»,, was neglected for n> 10 
and this neglect introduces a small error in 


= Zn, as shown by Cillié®” 
a=1 


(A) 
(erg cm? sec-*) 


13°6 912 1:2 x10-79 
24:45 506 2:0 x 10-18 
4°75 2670 2-3 x10-* 
3-61 3440 10-* 
3-95 3140 46 x10-% 
3-5 — — 

230 8:0 x10-35 


Z = vdn 
._—— 
Xs. 
(eV) 
3 
| 
3 
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Electron density, 


Fig. 1. The ionization of hydrogen in a static interplanetary gas. T 
refers to the kinetic temperature Te of the gas; ng and m are the 
densities of neutral and ionized hydrogen, respectively 


It should be noted that collision and photo- 
ionizations are of approximately equal impor- 
tance at a temperature of about 2 10° °K 
Table 2 gives the lifetime of a free hydrogen 
atom and of a proton as a function of tempera- 
ture and electron density 


5. HELIUM I EXCITATIONS AND 
POPULATION OF STATES 
The ionization of neutral helium its 
complicated by the presence of the singlet and 


triplet levels and the metastable 2'S level shown 
in Fig. 2. Before determining the ionization we 
must examine the relative populations of the 
different levels. The two metastable levels and 
the ground state have populations which are 
decided by electron collisions, ionization, re- 
combination and  photo-excitations The 
number of atoms entering a level above the 
metastable levels from recombination and 
collisional excitations is negligible compared 
to the numbers entering the level by photo- 


Table 2. Lifetime of Hydrogen Atoms and Protons in a Static Interplanetary Gas, 


T, (°K) 5x 10? 5x10 1x 104 2x 5x 10* 1x 10° 2x 10° gx 10° 


Life of a free HI —— 63-5n,7? 
atom 
(1/n,n, years) 


Life of a proton 
(10°/n,? years) 0-13 


46 90 41 27 
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Fig. 2. The Hel energy levels. 


excitation. Hence the levels above the two 
metastable levels will have populations essen- 
tially determined by the incident radiation and 
this population will follow a Boltzmann 
distribution to a good approximation. If the 
mean temperature of the sun is assumed to be 
6000°K one can conclude from the Boltzmann 


n 


distribution that 18x 10-*/r?, etc. 


Similar ratios are found for the other triplet 
and singlet levels. 


The excitation and de-excitation rates 
between metastable and ground state are 
required. The cross-sections for transitions 


from the 1'S level to the singlet and triplet levels 
are known for many values of 7f’®’. Transitions 
from the 1'S level to levels above m=2 are 
neglected because their cross-sections are small 
compared with those for the transitions to the 
n=2 levels. Now the atoms entering the 2'P 
level will fall to the 2'S and 1'S levels in the 
ratio of the transition probabilities, which 1s 
0-001-1, respectively. Thus atoms will be easily 
drained off the 2'S level to the 1'S level via the 
2'P level but it is more difficult for them to 
return. The rate of the transition 1'S—>2'S 
including the transition 1'S—>2'P—>2'S is 2, 
electron~' (initial atom)’. It was calculated 
neglecting photo-excitation of the 1'S level to 
the 2'P level, because the intensity of the 
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exciting radiation of 584° A is variable and 
cannot be measured from the earth’s surface. 
Thus the calculated population of the excited 
singlet levels may be too low for the lower 
kinetic temperatures when photo-excitation 
becomes more important than collisional 
excitation. Fortunately, z, is important for the 
singlet level populations only, as is shown later. 
The transition 2'S—» 1'S occurs chiefly via the 
2'P level, and its rate, z, is 10/r*? sec~' (initial 


atom) for all kinetic temperatures. 8, 
electron-' (initial atom)~' is the rate of the 
transition |'S—»>2°S including the transition 


1'S—>2°P—2°S. For the inverse transition 
the 2°P level is neglected due to its small popu- 
lation relative to the 2°S level and (initial 
atom)" electron~' is the rate of the 2°S—> 1'S 
transition. Fig. 3 shows z,, 8, and 8, asa 
function of the temperature. Equations (6) and 
(7) were used throughout the calculations. 

The cross-sections of other singlet-triplet 
transitions are unknown, but it was felt that the 
transitions from the 2'S state to the triplet state 
and from the 2°S state to the singlet state should 
be accounted for. The 2'S=—2’S transitions 
were considered only as an indication of the 
effect of these transitions. The cross-section was 
assumed to be the same as for the I'S state 
The energy dependence is probably similar and 
the experimentally determined 4 is probably 
about unity since the case of b<1 applies when 
An > 1, and b> 1 violates the limiting cross- 
section rule. Fortunately, the the 
excitation and de-excitation transitions, - 

can be neglected in the solution of 
ionization equation for the conditions met in 
interplanetary space. Radiative transitions 
between singlet and triplet levels can be 
neglected. The most important such line is at 
591 A and is due to the transition of 2°P—> 
1'S; it was observed by Hopfield@” in 1930 in 
the laboratory. 


rates of 
and 
the 


6. IONIZATION AND RECOMBINATION OF 
HELIUM I 
Because of the dilute radiation, the majority 
of the atoms of helium I are in the 1'S, 2'S and 
2°§ levels and ionization from these levels only 
need be considered. The photo- and collisional- 
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Fig. 3. The rates of collisional excitations, de- 
excitation and ionizations and the rate of photo 


recombinations. 


The quantities C, , C, and C, are 


also shown, their abscissa being on the left. 


ionization rates were calculated from equations 
(1) and (2). The photo-ionization rate is denoted 
by P/r (initial atom)~* and the collisional- 
ionization rate is denoted by A electron™' 
(initial atom)~* and subscripts 1, 2 and 3 refer 
to the levels 1°S, 2'S and 2°S, respectively. We 
obtain P,=3x10-° P,=2-5x10-* and P,= 
(initial atom)" and the 
quantities A,, A, and A, are given in Fig. 3. 
The rate of recombination denoted by R 
electron ~* (initial atom)~* gives the recombina- 
tions to all levels up to n= 10. For the quantum 
levels with #>2, the hydrogen approximation 
is satisfactory’. For n=2 and | equation (3) 
must be used. These recombining atoms will 


eventually find their way to one of the meta- 
stable or ground levels. The fractions ending 
up in the 1’°S, 2'S and 2°S states are denoted by 
C,, C, and C,, respectively where C,+C,+C, 

1. The calculation of these coefficients assumes 
that the number of atoms recombining to any 
fine structure level is proportional to the 
statistical weight of that level for a given total 
quantum number. Thus C,=3/4 (atoms 
recombining to the n=2, 3 . . . levels/total 
number of recombining atoms), and C, and C, 
depend on the relative values of the transition 
probabilities of the ‘P—»>2'S and 'P—>I'S 
transitions. R, C,, C, and C, are shown in 
Fig. 3. 


2 
aA 
10 
= 
10°” 
2 
+ 
a 
10°* 


7. THE IONIZATION EQUATIONS AND 
THEIR SOLUTIONS 
The ionization equations state that in equi- 
librium the rate at which atoms leave each of 
the metastable and ground states is equal to the 
rate of re-entry into these states. The equations 
are 


a 
+ B,+S, —y, 
B, ¥i+8,+8, 
Mis 
w Me's n.R C, (8) 
Nas Cc. 


where mm, is the density of helium II and S= 
(P/n.r?)+A. For the solutions are 


(C,+C,) 
n, P,+ne*(8,+A,) 


No»; nr 
2, 


nos _C,P,+nz* (8,+C,A,) 9 
n, 9) 
Fig. 4 gives numerical values of these ratios as 
a function of temperature and rr’. 

The ionization of He II is completely anialo- 
gous to the hydrogen case and the ratios of 
n,/n, are shown in Fig. 4 where n, is the density 
of helium III. 

Neglecting the He I particles, the lifetime of 
a He II or He III particle is of the same order 
of magnitude as for the hydrogen case shown 
in Table 2. The life time of a He I particle in 
ground state is 10r?/m, years for T. less than 
2x 10* °K and decreases to 30/n, n, years for 
T, above 10° °K and high electron densities. 
The life time of a He II particle due to recom- 
binations to He I is of the order of 10°/n, n, 
years. Hence total equilibrium will occur after 
the gas has existed for about 10°/n,m. years. 
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8. EMISSION LINES FOR HYDROGEN AND 
HELIUM IN A STATIC INTERPLANETARY 
GAS 
First, a few comments on the hydrogen 
ionization are instructive. Kupperian eft al.» 
suggested in 1955 that ng>1 atom cm™. In 
1959” they suggested myg>0-2 atoms cm™. 
Other workers®* obtain similar results. 
Therefore we will assume that m,>0-1 atoms 
cm~*. If n,.<10° cm~*, then >10~* and, 

from Fig. 1, 7,.<.5 x 10* °K. 

Recombining atoms give rise to less than 
5x 10° quanta sec-* cm~* for any helium I 
emission line. This intensity is 0-5 rayleighs* 
which can be neglected. Thus excitations of 
hydrogen and helium atoms will determine any 
emission line that could be observed. 

For hydrogen, the intensity of any emission 
line will depend on the intensity of the exciting 
Lyman radiation. In 1958 Kupperian 
et al.**” measured Lyman 2 in the night sky 
and it appears as though 10~° ergs sec-! cm~? 
might arise from interplanetary spacet. This 
corresponds to 500 rayleighs. The strongest 
emission line in the visible range will be Hz and 
Shklovsky*” has calculated its intensity to be 
20 rayleighs from a cold interplanetary gas. 
This emission would make the Hz absorption 
line of the zodiacal light shallower than the 
solar Hz line. This emission might also be seen 
in night sky spectra when the solar Lyman 
emission is strong. Elvey** in 1950 identified 
a line in the night sky spectrum as Ha and 
Meinel®” pointed out in the same year that this 
line coincided with an intense OH emission. It 
is claimed that Hz has an intensity between 5 
to 20 rayleighs in the night sky at Zvenigorod 
as referred to by Kupperian et al... Shklov- 
sky°” gave reasons in 1958 for expecting Hz 
emission from the upper atmosphere during 
twilight or in the night sky as well as from 


* One rayleigh (symbol R) is equivalent to 10¢ 
quanta being emitted in all directions from a 1 cm? 
column in the line of sight‘?®). 


+ This reasoning is invalid if there is a concen- 
tration of interplanetary matter around the earth or a 
second layer of hydrogen in the terrestrial atmosphere 
above 200 km. 
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interplanetary gas. High resolution is require 


to separate any Hz emission from the strong OH 


bands and its interpretation is difficult. How- 
ever, if its bandwidth yuuld be measured a 


temperature would be obtained 

The singlet levels of helium I have popula- 
tions several orders of magnitude less than the 
populations of the triplet levels. Hence, transt- 
tions amone the singlet levels will be relativels 
weak, except for the resonance lines between the 
P levels and the ground state which are near 500 
A. However, if the solar helium emission line: 


mer Tal inftencity hy " few sf 
moon ‘tide the transition at 

micnt be seen for h gh electron lensities and 
law temneratnrec Th » four ctronoect emiccion 
Ou t em 
linec from trinmlet helium re 3 ? P 


and 2?°P—?2°S transi 


| respe 


. 
ti ely Nex le tine fliinrec ence. the intensity 
these lines can be calculated from the previousl\ 
ment: med R Wtz7mMann n ynnlation distribut! 
of the triplet levels and the ionization of helium 
1 and I which is a function of mr and the 
kinet c temperature f the ‘lectr nS It 1S 
issumed th the electr cde nsit essent! 
the came ac th net h tr en dens! ind that 


sbundan 2» of 10 in the numb of 


The path leneth is taken to he 10 m or |! 
A | With th se assumptions the foll wine 
equ ition (10) gives the intensity of \ 19.829 in 
ravleighs where the densities used refer to 
helium 
Pe 
2-4 « 10° n 
r lin n 
n, nm 


An average value mr is used for the value of 
the argument of the density ratios. Fig. § 
shows the expected intensity of the A 10,829 A 
line as a function of n.r* and T.. The intensities 
of the AA 5876, 7065 and 3889 A lines are 0-19 
0-017 and 0-016 times the intensity of the 
\ 10,829 line, respectively 

It should be emphasized that the accuracy of 
the calculated ionization and intensities depend 


upon the accuracy of the assumed solar radia- 
tion near the ionization limits of H I, He I and 
He Il. For temperatures above 10° °K ioniza- 
tion by collision is more important than phot 

ionization; thus errors in the intensity of the 
solar radiation will be important below this 
temperature only The effect of an over 
estimate or under estimate of this radiation is 
to raise or lower the effective kinetic tempera- 
ture, respectively, and to alter the temperature 
vhere photo and collisional ionizations are of 


equal importance 


9. OBSERVATION OF THE EMISSION LINES 
Ihe brightness of the zodiacal light 
continuum determines the weakest emission line 
ipable of observation Ihe Doppler widths 
of the lines are approximately 1/4 to A. The 
brightness of the zodiacal light continuum is 4 


to 5 rayleighs per A at \ 6300 A for an elonga- 
tion of about 35 if Blackwell's fieures ) are 


used Then the weakest observable line 
probably has an intensity of 1/4 to | rayleigh 
it this elongation. This fact limits observable 
emissions to cases where there are high electror 
lensities or low temperatures. Observations 


from the ground are made more difficult yet by 
the presence of intense OH bands tn the night 
air glow. although high resolution technigu 
can overcome this trouble 

In recent zodiacal light spectra obtained by 
Blackwell and Ingham (unpublished) there ts 
no indication of A 5876 emission and hence its 
intensity cannot be greater than about | 
rayleigh The elongation of the line of sight 
was about 30°, hence r varies from unity to 0-5 
over the path length of 10°° cm. Therefore, 
1 r* varies from unity to 16 and n,/r? nvr’ will 
be approximately 10. Hence, for r=1, an upper 
limit for the intensity of A 5876 is 0-1 rayleigh 
and an upper limit for the intensity of 4 10 829 
is 0-5 rayleighs 

From Fig. 5 we deduce that n.r* is less than 
17 or 800 for temperatures of 500 or 2 x 10° °K, 
respectively, at r=1 A.U 


19. CONCLUSION 
If the neutral hydrogen density, my, electron 
density, m., and kinetic temperature, T, of the 
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IONIZATION OF A STATIC INTERPLANETARY GAS 


/ In royleighs, in au) 


r“ner* 


Intensity of A 


Fig. 5. 


100 200 500 1000 


Electron density, mrs 


The calculated intensities of the helium emission line 
at 10829A from a static interplanetary gas. 


The horizontal 


solid line is the observed upper limit of the emission intensity 


normalized to r—1 A.U. as explained in the text. 


The horizon- 


tal dashed line is the approximate limit of observationdue to the 


zodiacal light continuum at an elongation of 30°. 


normalized to r—=1 A.U. 


interplanetary gas can be_ independently 
measured, then one can infer whether the inter- 
planetary gas (if it actually exists) is static or 
non-static. m, can be obtained from measure- 
ments made by Blackwell and Ingham 
(unpublished); mg and T, can be obtained from 
an emission line. It is possible that Hz may be 
present in the zodiacal light, and its observation 
may, with some difficulty, give a Doppler tem- 
perature. It is also possible that AA 5876 and 
10,820 A of HEI are weakly present in the 
zodiacal light to give, again with some difficulty, 


This too is 


measurements of my, and T,. The intensity of 
A 10,829 is above the zodiacal light continuum 
intensity for static electron densities below 50 
cm~* and kinetic temperature below 10° °K. 
For higher temperatures, the electron density 
must be higher if A 10,829 is to be observed. 
The numerical results are obtained by assum- 
ing total equilibrium in the gas, which must 
therefore exist for several centuries. If the gas 


is moving away from or towards the sun at a 
rate which competes with the rate at which 
equilibrium is obtained, there will be an excess 
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of ions or atoms and the intensities of the 
emisson lines will be, respectively, less or more 
than calculated 

As previously mentioned, the accuracy of the 
calculated intensities and ionizations depends 
on the accuracy of the assumed solar radiation 
near the ionization limits of HI, Hel and 
He Il at 900, 500 and 200 A. The observation 
of the He I lines and of Hz is difficult because of 
their low intensities and the presence of intense 
OH bands in the night sky spectrum 
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MAGNETIC STORMS AND COSMIC RADIO NOISE 
ON 25 Mc/s AT AHMEDABAD (23°02'N; 72°38’E) 


R. V. BHONSLE and K. R. RAMANATHAN 
Physical Research Laboratory, Ahmedabad 9, India 


(Received 5 September 1959) 


Abstract--Analysing the intensities of cosmic radio noise on 25 Mc/s at Ahmedabad, it was 
found that during days of magnetic storms there was. in addition to the usual variation of 
intensity due to the diurnal changes in D-region ionisation and F-region absorption, a further 
variation. This showed itself as a decrease in the attenuation on the first two days of the 


storm and an increase in the attenuation on the third day The decreased attenuation is most 
clearly seen in the first half of the night on the first and second days after the commencement 
of a storm and is associated with a decrease in F-scatter 


In a recent paper, Kotadia and Ramana- cosmic radio noise absorption under disturbed 
than’ have discussed the effects of geomag- ionospheric conditions would give useful 
netic disturbances on the behaviour of the information regarding the ionosphere. 
ionosphere over Ahmedabad. In low latitudes, [he present paper deals with the effect of a 
the F2-layer of the ionosphere gets much more few selected magnetic storms on the total 
disturbed than the lower ionospheric layers. attenuation of cosmic radio noise on 25 Mc/s 
The critical frequency of the F2-layer, the at Ahmedabad. The list of magnetic storms 
height of maximum electron density (4,F2) and used for this Study are given in Table 1. 
F-scatter all undergo significant changes. In 

auroral latitudes, intense absorption of radio Table 1 

waves below the E-region of the atmosphere is List of Eleven Magnetic Storms all with Sudden 
usually associated with magnetic storms Commencement (1957-58) * 


An analysis of the data of cosmic radio noise rime 
on 25 Mc/s at Ahmedabad over a period of one Date of of Date Time 
year from March 1957 to February 1958 beginning begin- of end | of end | mtensity 
showed that the total ionospheric attenuation ning 
suffered by cosmic radio noise could be divided ~- 1957 
into two components, a D-region component ye 20.58 4 14 o 
and an F2-region component. The D-region 6 fos 10.08 6 10 - 
component normally depends on the sun’s 30 Aug 00.20 31 01 m 
zenith distance and shows maximum in summer 2 Sept 08.15 4 00 s 
and minimum in winter. The F2-region com- 4 Sept 18.00 6 04 s 
ponent, when f,F2 exceeds a certain minimum 13 Sept 05.49 13 21 s 
value, increases rapidly with increasing f,F2. a Sept 15.06 a ee s 
Ramanathan and Bhonsle*’ have shown that 
at least in the early part of the night, F-scatter 
is also an important factor which affects 1098 


night-time attenuation. Since f F2 and F scatter 11 Feb 06.24 2 18 , 
change appreciably on magnetically disturbed — 
days, it was felt that an analysis of the data of ‘Time in 75° EMT 
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When making a day to day study of cosmic 
radio noise, it was found that on some days, 
the total attenuation had abnormally low 


values throughout the day and till about mid- 
night 


This often happened for two days in 


COSMIC 


RADIO NOISE AHMEDABAD 


general, a decrease in the attenuation of cosmic 
radio noise occurred on the first two days of 
the storm and excess attenuation on the third 
day. 

Fig. 2 shows hourly attenuations of cosmic 
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TOTAL 
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Fig. 1 
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Hourly attenuation of C.R. noise on 25 Mc's at Ahmedabad in 


six magnetically disturbed periods in 1957-58 together with the month's 
quiet day attenuation for each period. The times of commencement of 


succession. 
showed 
after which it returned to norma! 


On the third day, the attenuation 
a tendency to rise above the normal, 
It was also 
found that this feature was associated with 
magnetic storms. Fig. 1 shows the hourly 
attenuations of cosmic radio noise on 25 Mc's 
at Ahmedabad during six magnetically 
disturbed periods in 1957-58 superposed on 
the month’s quiet day attenuations for each 
period. The magnetic storm which occurred 
on 13 September 1957 was of comparatively 
short duration and an apparent exception. In 


and end of each magnetic storm are marked in the figure. 


radio noise in three periods in 1957 when the 
magnetic disturbance was more complex and 
more than one commencement could be identi- 
fied. Under such conditions, the variation of 
total attenuation of cosmic radio noise on 25 
Mc/s does not follow a fixed pattern. 

The deviations of the total attenuation of 
cosmic radio noise from the corresponding 
monthly mean gives the effect of a magnetic 
disturbance on the ionosphere. The usual 
decrease or increase in the total attenuation of 
cosmic radio noise associated with changes in 
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COSMIC RADIO NOISE, 25 Mc , AHMEDABAD 
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TOTAL ATTENUATION IN DECIBELS 
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f,F2 when it exceeded a certain value was 
always noticed. But on magnetically disturbed 
days there was an additional decrease in 
attenuation which depended on local time. To 
determine the average diurnal variation of the 
change in attenuation due to magnetic storms, 
the 11 magnetic storms given in Table 1 were 
analysed. Fig. 3 gives the average hourly 
values of the departure from normal of cosmic 
radio noise on the first two days after the 
commencement of a magnetic storm. It is 
clear that the effect of a magnetic storm is in 


° 
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-0.5 
-1.0 
Fig. 3. Average diurnal variation of the departure 
from normal of C.R. noise on the first two days of a 
magnetic storm. 
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Fig. 2. Hourly attenuation of C.R. noise in three periods in 1957-58 when the magnetic disturbance 
was complex and more than one commencement could be identified. 
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general to reduce the attenuation throughout 
the day except for the period midnight to sun- 
rise. During the later part of the night, low 
values of f,F2 are usually observed and the 
change in f,F2 has no effect. After sunrise, the 
departure of the total attenuation from normal 
goes on increasing till 16 hr local time. After 
a temporary decrease which lasts till 18 hr, it 
again increases till 20 hr when it reaches a 
maximum. It returns to normal by about 2 hr. 
From 2 to 5 hr the effect of the storm is 
negligible. The disturbance diurnal variation 
of the total attenuation of cosmic radio noise 
described above can be correlated with the 
results obtained earlier by Kotadia and 
Ramanathan They showed that the largest 
changes in the ionosphere occur on the same 
day, or the day following the commencement 
of the magnetic storm. The change at Ahmed- 
abad is a daytime decrease in f,F2 in contrast 
to the changes at equatorial stations. The 
occurrence of spread-F at Ahmedabad is 
mainly a night-time feature. It was found that 
during magnetic disturbances, spread-F was 
generally absent or small, and the usual 


increase in height and in f,F2 at 20-21 hr did 
In 


not occur. It begins usually after 19 hr. 
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view of the above facts, during daytime, only 
the changes in f,F2 are likely to be important 
in influencing the attenuation of cosmic radio 
noise. After sunset, however, both the change 
in f,F2 and the absence of F-scatter on 
magnetically disturbed nights would be jointly 
responsible for the observed rapid decrease in 
total attenuation. 

From the study of the disturbance diurnal 
variation of the individual storms, it was seen 
that, in many cases, after the magnetic storm 
ended, there occurred on the following day an 
increase in the total attenuation above the 
normal. Fig. 4 shows the average hourly 
attenuations of cosmic radio noise associated 
with magnetic disturbances (mean of five 
periods). Zero hour has been taken as 0 hr 
LMT of the day on which the cosmic radio 
noise attenuation increased above normal at 
the end of a magnetic storm. For two days 
before the zero hour, an overall decrease in the 
total attenuation is observed following the 
general pattern shown in Fig. 3. On the first 
day after the zero hour an overall increase in 
the total attenuation is observed. It is interest- 
ing that on this day, the maximum increase in 
the total attenuation occurs at 20-21 hr. On 
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the two previous nights, at these same times, 
minimum total attenuation is recorded. This 
observed overall increase in the total attenua- 
tion after the end of a magnetic storm may be 
partly due to a rise in f,F2 above normal and 
partly to a tendency for increased night-time 
F-scatter. Nothing particular happens on the 
next two days. 


CONCLUSION 

The geomagnetic effects on the ionosphere 
over Ahmedabad are discussed with the aid of 
cosmic radio noise data on 25 Mc/s. Since 
F2-attenuation depends on the nearness of 
f,F2 to the exploring frequency i.e. 25 Mc/s, 
this method provides a sensitive method of 
studying the effects of magnetic storms on the 
F2-layer as a whole. The disturbance diurnal 
variation of the total attenuation of cosmic 
radio noise shows a dependence on local time. 
The maximum decrease in total attenuation 
occurs at about 20 hr local time. An explana- 
tion of the observed variation is given in terms 
of the known variations of f,F2 and F-scatter 
on magnetically disturbed days. After the end 
of the storm, an overall increase in attenuation 
is observed, which lasts for a day. 


24 12 24 12 ° 
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Fig. 4. Departure from normal of hourly attenuations of C.R. noise 
associated with magnetic disturbances (mean of five periods). Zero 
hour has been taken as 0 hr LMT of the day on which the C.R. atten- 
uation increased above normal at the end of the magnetic storm. 
This generally happened two days after the commencement of a simple 


storm. 
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SOLAR RADIO BURSTS AND COSMIC RAYS 
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Abstract—Current theories of the origin of solar radio bursts suggest that fast drift (Type IID 


bursts may be generated by the emission of solar particles with velocities approaching those 


of cosmic rays 


An examination of cosmic ray intensity and solar radio data over the two-year 


eriod 1956 October-1958 September shows, however, no correlation between fast drift bursts 
Pp 


and cosmic ray increases on the earth 


also appear to be unrelated to cosmic ray increases 


Solar flares, with which fast drift bursts are associated, 


On the other hand there have been a 


number of cases of increases in low energy cosmic ray particles, recorded by equipment in 
satellites and balloons, which were probably related to outbursts of solar continuum (Type 


IV) radiation 


1. INTRODUCTION 

This paper is concerned with the association 
between solar radio bursts and variations in 
cosmic ray intensity. The radio data used in 
the investigations were recorded at the Harvard 
Radio Astronomy Station, Fort Davis, Texas. 
Most of the data were obtained during the 
period 1956 October through 1958 September, 
and were recorded on sweep frequency equip- 
ment covering the range 100-580 Mc/s.” 
Some more recent observations covering the 
range 25-580 Mc/s are also used. The cosmic 
ray data were obtained from the hourly counts 
of the neutron monitor pile at Climax, Colo- 
rado. Cosmic ray counters measuring local 
neutron production respond to primary par- 
ticles in the rigidity range from 10° V upwards, 
which contains over 95 per cent of all primary 
cosmic radiation.’*’ Zurich provisional sunspot 
numbers and flare data were obtained from the 
C.RP.L. Mon. Bull. Solar-Geophys. Data 
(Boulder, Colorado). 

Three spectral types of radio bursts are con- 
sidered separately. In Section 2 we examine 


the possibility that fast drift (Type III) radio 
bursts originate during the emission of cosmic 
ray particles from the sun, and compare obser- 
ved values of the intensities of cosmic rays and 
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Forbush type decreases in cosmic ray intensity, and accompanying magnetic 
storms, are regularly preceded by slow drift (Type II) radio bursts. 


fast drift bursts over a two year period at solar 
maximum. The association of cosmic rays 
with sunspot numbers is also examined in this 
section. Section 3 concerns the association of 
cosmic ray intensity with solar flares; this is of 
importance since several types of radio bursts 
are associated with flares. Section 4 comprises 
a brief discussion of the relation between 
Forbush-type decreases in cosmic ray intensity 
and the occurrence of slow drift (Type II) radio 
bursts that are also associated with geomag- 
netic storms. Section 5 is concerned with a 
number of cases in which increases in low 
energy particles occurring at high altitudes have 
been accompanied by outbursts of solar 
continuum radiation (Type IV). The physical 
implications of some of the results are discus- 
sed in the final section. 


2. FAST DRIFT RADIO BURSTS 


We first examine the suggestion that fast 
drift radio bursts are generated by the emission 
of cosmic rays from the sun. Two groups of fast 
drift bursts recorded at Fort Davis are shown in 
Fig. 1(a), from which it will be seen that each 
burst has a lifetime of several seconds, during 
which the frequency of emission drifts rapidly 
towards the lower end of the radio spectrum. 
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Fig. 1. (a) Upper records: fast drift bursts (Type Ill). (b) Lower record: slow drift burst 


(Type Il), followed by continuum radiation 


(Type IV) over the range 180-400 Mc's. 
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The bursts are commonly attributed to a 
disturbance that moves outwards through the 
solar atmosphere, and excites emission from 
levels of progressively lower plasma frequency. 
From the rate of change of frequency, it is 
estimated that the velocity of the disturbing 
agency moving outwards through the solar 
corona is about 100000 km/sec. Wild, 
Roberts and Murray” have suggested that 
this primary disturbance might be cosmic ray 
particles being emitted from the sun. It must 
immediately be remarked that a velocity of 
100 000 km/sec is considerably lower than the 
velocity usually attributed to cosmic ray 
particles, and that it corresponds to a time of 
travel of approximately 25 min for a direct 
path between the sun and the earth. In this 
connection, Wild and his colleagues pointed 
out that, in the few instances when an intense 
flare has been accompanied by 2 great increase 
in cosmic rays, the observed time delay 
between the flare and the cosmic ray increase 
was of this order. 

To examine the validity of the above sugges- 
tion, we have compared daily average figures 
of fast drift solar radio bursts and cosmic ray 
intensity over the two years 1956 October | 
through 1958 September 30. During this 
period more than 25 000 fast drift bursts were 
recorded at Fort Davis, a total that corres- 
ponds to a mean rate of 3-3 fast drift bursts /hr 
Examination of the data also shows that the 
emission of fast drift bursts is often enhanced 
for periods of 2 or 3 days, during which the 
hourly rate may be as much as 10 times the 
mean figure for the 2-year period. A plot of 
the daily figures for fast drift bursts with daily 
mean values of cosmic ray intensity given by 
Thompson” reveals no evidence of a positive 
association between the two phenomena, 
although some periods of high radio emission 
coincide with the 27 day recurrent decreases in 
cosmic ray intensity This effect is by no 
means well defined over the 2-year period, and 
in order to settle the question unambiguously, 
cross correlation coefficients between the fast 
drift bursts and cosmic rays have been calcu- 
lated with an /BM 650 computer. The daily 
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figures of cosmic ray intensity were averaged 
over a complete day, 0-24 hr U.T.; the fast 


drift bursts were weighted according to 
intensity and averaged over the observing 
period, approximately 12-24 hr U.T., of each 
day. As a control index, cross correlation 
coefficients between cosmic ray intensity and 
sunspot number were also computed for the 
2-year period. The coefficients were taken for 
a range of time displacements of up to +14 
days, and the results are plotted in Fig. 2 


Cosmic rays and 


drift burct 
ost or DOursts 


rays and 


sunspot number 


Fig. 2. Cross correlation coefficients. 


Positive values of displacement indicate a 
comparison of cosmic ray data with solar data 
recorded a given number of days earlier. The 
figure shows that the cross correlation curve 
for cosmic rays and fast drift bursts has a 
tendency towards negative values. The curve 
for cosmic rays and sunspot number is entirely 
negative. 

The significance of cross correlation 
coefficients depends upon the effective number 
of independent values from which they are 
derived. As shown by the autocorrelation 
coefficients plotted in Fig. 3, the day to day 
values of cosmic ray intensity are not indepen- 
dent; and the same situation obtains for the 
fast drift bursts and the sunspot numbers. The 
autocorrelation coefficients in fact indicate that 
the effective number of independent values for 
the cosmic ray data for the 2-year period is 
about 100, for the fast drift bursts about 200. 
and for the sunspot numbers about 100. For 
100 samples, the value of the cross correlation 
coefficient corresponding to 0-05 probability of 
chance association is 0°19.° Thus the cross 
correlation values for cosmic rays and fast drift 
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Fig. 3. Autocorrelation coefficients: note the 
increases at 27 days, appropriate to the synodic 
rotation period of the sun. 


bursts are not significant. This result lends no 
support to the suggestion that fast drift bursts 
originate from the emission of cosmic rays 
from the sun 

Eighty of the larger groups of fast drift 
bursts, each of high intensity, containing more 
than 10 bursts per group, and isolated by at 
least +1 hr from other groups of fast drift 
bursts, were also compared with cosmic ray 
figures. This was done with a superposed 
epoch diagram, not reproduced here, for the 
neutron counts over a period +12 hr centered 
about the time of the individual groups of fast 
drift bursts. It was not possible to draw any 
conclusions from the analysis because the large 
residual effect of the diurnal variation in the 
cosmic ray figures masked all effects less than 
2 per cent in amplitude 

In the case of cosmic rays and sunspot 
numbers the curve of correlation coefficients 
reaches a value of —0-28, which ts statistically 
significant. This suggests that the effect pro- 
ducing the long term decrease in cosmic ray 
intensity over the maximum of the solar 
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cycle” is also responsible for decreases over 
restricted periods of a few days. This result is 
in accord with the observation of Venkatesen'* 
that an association exists between transient 
decreases in cosmic ray intensity and the 
central meridian passage of active solar regions 
Present theories attribute the negative modula- 
tion of cosmic ray intensity to the diffusion of 
extra-solar cosmic rays through magnetic 
clouds existing in the interplanetary medium 

Correlation coefficients were also computed 
for cosmic rays and daily averages of noise 
storm intensity (radio spectral Type 1) for the 
period 1956 October | through 1958 September 
3). The resulting curve was very similar to 
that for cosmic rays and fast drift bursts, with 
no values above the level of significance 


3. SOLAR FLARES 


A positive association between cosmic ray 
intensity and the occurrence of sixteen solar 
flares for the years 1951 through 1953 has been 
reported by Firor.” Since fast drift radio 
bursts are also associated with flares, ' this 
would suggest that some small positive associa- 
tion may exist between the fast drift bursts and 
cosmic ray intensity which has not been 
revealed by the above analysis. To check this 
point, an investigation has been made of the 
association of flares with cosmic ray intensity 
for the year 1956 October through 1957 Sep- 
tember. This study was carried out in a 
manner analogous to that employed by Firor 
Flares of importance >2-. falling within the 
morning time zone for Climax, Colorado, were 
used. The result is plotted in Fig. 4, in which 
the abscissa shows time relative to the flares, 
and the ordinate gives cosmic ray data from 
the Climax monitor pile averaged over 76 
flares. The figure shows that, for the 12 
month period under consideration, there was 
no association between the cosmic ray count 
and solar flares. The shape of the curve in 
Fig. 4 is attributed wholly to the residual 
diurnal variation in the neutron count. This 
result, derived from data taken at sunspot 
maximum, contrasts with that of Firor’: for 
16 flares at sunspot minimum Firor found a 
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Fig. 4. Superposed epoch diagram of cosmic 
ray intensity for seventy-six flares 


sharp increase in cosmic rays, of amplitude 
about | per cent and duration 2 hr. 


4. SLOW DRIFT RADIO BURSTS 

In an earlier paper''’ it has been shown that 
there is a significant association between the 
occurrence of the slow drift type of solar radio 
bursts and of terrestrial magnetic storms. For 
the two year period 1956 October | through 
1958 September 30, at least 60 per cent of 
magnetic storms were preceded by slow drift 
bursts. The mean time delay between the radio 
bursts and magnetic storms was 33 hr. 

Forbush '*’ has shown that decreases in cos- 
mic ray intensity accompany many intense 
magnetic storms. It would therefore be infer- 
red that a statistical association should exist 
between slow drift radio bursts and decreases 
in cosmic ray intensity of the type described 
by Forbush. The present investigation con- 
firms this association. There were 26 well 
defined cosmic ray decreases of the Forbush 
type recorded at the neutron monitor pile at 
Climax, Colorado, during the period 1956 
October 1 through 1958 September 30. At 
least 56 per cent of these decreases were 
preceded by a slow drift burst within 4 days 
(the association would probably be higher if 
complete 24 hr radio spectral data were 
available), and the mean time delay between 
the radio bursts and the Forbush decreases was 
35 hr. 


5. CONTINUUM RADIATION AND SOLAR 
COSMIC RAYS 
Recent observations, made with scintillation 
and Geiger counters carried in satellites 
balloons,''* 


and 
have shown that protons with 
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energies up to a few hundred MeV quite 
frequently bombard the upper atmosphere at 
high magnetic latitudes for some days following 
large solar flares. It has been suggested''*’ that 
these solar protons are low-energy examples of 
the great cosmic ray outbursts from the sun, 
such as occurred on 1956 February 23. It is of 
considerable interest to compare these observa- 
tions of low-energy cosmic rays in the outer 
atmosphere with the radio spectral observa- 
tions. The relevant data are summarised in 
Table 1. It will be seen at once that for all 
cases where radio data were available, the 
solar protons were preceded or accompanied 
by large solar radio bursts of continuum radia- 
tion of the type normally referred to as spectral 
Type IV. An example of this type of burst is 
given in Fig. l(b). A continuum burst is 
characterised by an enhancement of solar 
radiation lasting from 5 min to over 12 hr 
[he radiation is normally very steady and is 
often intense. In the frequency range 25 to 
580 Mc/s it may cover a band several hundred 
megacycles wide, and it sometimes drifts 
towards lower frequencies over a period of the 
order of an hour. Such outbursts are recorded 
at Fort Davis on about 15 days per year at 
solar maximum. Boischot and Denisse 
suggested that this type of radio emission arises 
from synchrotron radiation in the solar corona 

Each of the cases cited in the table 
eoincided with an increase in ionospheric 
absorption of a special type* described by 
Reid and Leinbach These 
events are confined to polar latitudes 
appear as an increase in ionospheric absorption 
of cosmic radio waves. They are attributed to 
D-region ionization caused by solar protons 
with velocities a few tenths of the velocity of 
light. Such absorption events occur about 10 
times per year at solar maximum, and usually 
are preceded by a major flare and an outburst 
of continuum radiation. 

As shown in Table 1, the complete sequence 
of events comprises a flare of high importance, 
followed approximately 15 min later by an 


hay e 


also 


absorption 


and 


* Ionospheric polar cap absorption, or “Type IIT” 
absorption. 
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Continuum Radiation (Type !V) and Solar Cosmic Rays 1958 Jan. | to 1959 July 3! 


Continuum radiation 
Flare Solar protons 
Type IV) 
Indirect observations 


(polar ionospheric Direct observa- 
Start Impor- Start Duration absorption) tions (satellites, 


(U.T.) tance (U.T.) (hr) 
Start | Duration balloons) 


(U.T.) (hr) 


1958 Feb. 21.08 2 21.16 1-8 <07.00 Feb.10 | >20 
Mar. outside observing hr <22.30 >96 Balloon!!®) 
Apr. <10°10 outside observing hr 11-30 >40 
July 00.22 00.52 >0-9 01.30 >120 
July 03.03 03.21* >1-7 04.05 >30 
Aug <04,32 outside observing hr 06.00 >60 Satellite! 
Aug 14.17 15.00 >10°3 <17.00 >80 Satellite’, 
Balloon''* 
Aug 00.05 00.20 >0-9 01.00 Satellite’? 
Sept outside observing hr 14.30 >82 Balloon 
May 21.02 
<23.10 
May 20.06 
July <05.14 
July 19.20 
July <03.25 
July 21.14 


2.16 | >43 | 


20.28 0:3 
outside observing hr 07.00 >90 Balloon"? 
9 37 
o1* } <07.00 July 14 Balloon? 

Balloon’? 


01.30 May 11 >200 Balloon"? 


+ 


21.21 <22.50 >34 


* Data from 40-240 Mc/s equipment at Sydney, Australia 
+ Approximate starting time: first 30 min inferred from 60 Mc/s fixed frequency equipment. 


outburst of continuum radiation; about | hr cosmic rays escape detection because of their 
later an enhanced flux of solar protons reaches small number. But the existing data concern- 
the earth.” ing the fast drift bursts strongly suggest that 
Further investigation shows that solar the primary disturbance that causes the radio 
protons in the high atmosphere, observed bursts has a velocity of only 10° km/sec, that 
directly with satellite or balloon equipment or is, 0:3 times the velocity of light. The radio 
indirectly by polar radio absorption, are not evidence also shows that the primary disturb- 
accompanied by a significant increase in the ance is sometimes greatly decelerated or even 
hourly rate of fast drift radio bursts. Also,the brought to rest. Thus the particles, if they 
great majority of flares associated with the manage to escape from the solar atmosphere, 
emission of solar protons are not accompanied — will be of low rigidity and would not penetrate 
by slow drift radio bursts. the terrestrial atmosphere except, possibly, at 
the magnetic poles; they should, of course, be 
6 CONCLUSION detectable with sensitive equipment carried in 
In reviewing the above evidence we conclude a satellite. Alternatively, it may be that the 
that, if the fast drift radio bursts are generated fast drift bursts are caused not by fast 
by cosmic rays leaving the sun, then these travelling corpuscular matter, but by shock 
cosmic rays are not detected by existing neutron waves, as suggested by Krook“®. 
counters on the earth. It is possible that such In a limited number of cases, great outbursts 
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of continuum radiation have preceded or 
coincided with the bombardment of the upper 
atmosphere by solar protons. The continuum 
radiation is likewise associated with the 
occurrence of a certain type of radio absorp- 
tion in the polar ionosphere which is attributed 
to solar particles of similar energy. Thus, 
there seems little doubt that a physical connec- 
tion exists between the emission of protons and 
of continuum radiation from the sun. Both 
phenomena may last for many hours after the 
end of the associated solar flare. The energy 
of the protons estimated from balloon and 
satellite observations is in the range 30-300 
MeV, which corresponds to velocities of the 
order of 0-2-0°7 times the velocity of light. 
The electrons that produce the continuum 
radiation by synchrotron emission probably 
have velocities of the same order. 
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RADIO WAVE PROPAGATION CHARACTERISTICS OF A 
SIMPLE IONOSPHERIC MODEL BASED ON ROCKET DATA 


L. ZHEKULIN 
Academy of Sciences of the U.S.S.R., Moscow 


(Received 17 January 1959) 


Abstract—In the U.S.S.R. and abroad in the last few years valuable experimental data have been 
obtained with the help of rockets, relating to investigations of distribution of ionization with 
altitude in high atmospheric regions. The available results make it possible to attain a more 


specific understanding of ionosphere structure and lead to a number of conclusions pertaining 


to the problem of radiowave propagation at high altitudes 


1. IONIZATION DENSITY DISTRIBUTION tive electron concentration on an altitude on 
WITH ALTITUDE the basis of experiments carried out at 17.24 on 

Results of measurements of effective electron 26 June 1954. Three diagrams in Fig. 2 give 
concentration distribution in the ionosphere the results of experiments obtained in 1957. 
with the help of high-altitude geophysical Rockets were launched at 6.18 on 16 May 
rockets of the U.S.S.R. Academy of Sciences (diagram 1), at 6.27 on 25 August (diagram 2) 
over the period of 1954-58 are given and and at 19.54 on 9 September (diagram 3). 
analysed in the work of Gringauz The Now let us compare the given data with 
curve in Fig. | shows the dependence of effec- measurements made by Seddon et al. Fig. 


08r 


N x 10-4el/em3 N x 10-4el/cem3 


Fig. 1. The dependence of the effective electron Fig. 2. The dependence of the effective electron 
concentration on an altitude (U.S.S.R. 1954) concentration on an altitude (U.S.S.R. 1957). 
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8 6 


Nx1C 4e| cm3 


Fig. 3. The dependence of the effective electron 
concentration on an altitude (U.S.A. 1954). 


3 represents ionization distribution with alti- 
tude, obtained at 10.00 on 7 May 1954, as a 
result of experiments with rocket Viking No. 
10. Jackson®’ compared the curve shown in 
Fig. 3 with the distribution of electron density 
calculated with the use of altitude-frequency 


characteristics recorded during this rocket 
flight. The results turned out to be well in 
accord. 

Consideration of the given diagrams in Fig. 
1-3 shows that the results of the latest experi- 
ments obtained here and abroad are reconciled 
and enable us to conclude that the ionosphere 
at altitudes of 100-200 km appears to be a 
highly ionized medium, sharply outlined layers 
being perhaps absent; i.e. ionization changes 
from one ionosphere region to the adjacent 
without sharp alterations. 

Now let us consider the ionization at high 
altitudes. Of special interest are observations 
made on 21 February 1958, during the flight of 
a Soviet geophysical rocket which reached an 
altitude of 473 km. Ionization distribution in 
the F-region of the ionosphere obtained as a 


6 24 
Sel /cm3 
Fig. 4. The dependence of the effective electron 
concentration on an altitude (U.S.S.R. 1958). 


result of observations carried out by means of 
this rocket is shown in Fig. 4. For compari- 
sons, Fig. 5 illustrates the results of 
experiments” with the two-stage rocket 
Bumper Buck No. 5 (launched at 15.14 on 24 
February 1949). Above the maximum, the 
experiments of foreign scientists showed a 
rapid decrease in ionization, and already at the 
altitude of ~ 380 km the value turned out to be 
very low; while according to the U.S.S.R. data, 
the character of ionization decrease above the 
maximum was different: ionization slowly 
decreased with altitude retaining a high value 
of ~ 10° el/cm’, even at an altitude of 470 km. 

It is necessary to emphasize the value of 
investigations by means of rockets, which is 
that they provide a knowledge of the distribu- 
tion of electron density as a function of true 
altitudes above the surface of the earth; while 
the data of ionospheric stations are referred to 
the effective altitudes, the difference between the 
latter and the true ones may amount in the 
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Fig. 5. The dependence of the effective electron 
concentration on an altitude (U.S.A., 1949). 


F-region (depending on the state of the iono- 
sphere) to 50-150 km. 

Correct interpretation of ionosphere probing 
results is of important practical significance 
The results of experiments with the Soviet 
artificial earth satellites pertaining to altitude- 
distribution of ionization are in qualitative 
agreement with the rocket data 


2. EFFECT OF IONIZATION DISTRIBUTION 
OBTAINED IN THE LATEST EXPERIMENTS 
ON RADIOWAVE PROPAGATION 
Investigations of radiowave propagation in 
a heterogeneous ionized medium with ioniza- 
tion density distributions shown in the 
illustrated figures, will be based on Maxwell 
Lorentz classical equations. Let us assume 
that a plane sinusoidal exp (jer) electromag- 
netic wave falls normally on a plane interface 
of a heterogeneous ionized layer with a 
complex dielectric permeability (depending 

only on altitude Z): 
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mw? 


Neglecting the influence of the earth’s mag- 
netic field, we can write the basic differential 
equation of the problem as follows: 


x 

dZ* 

At the beginning we shall consider the 
medium to be non-absorbing, and therefore in 
expression (1) the effective number of 
collisions, V, should be assumed to be zero. 
To provide the possibility of analytical 
examination of the formulated problem, the 
curves of effective electron density distribu- 
tion, N(Z), will be approximated by straight 
line sections. If we limit ourselves only to the 
main features of altitude-distribution of ioni- 
zation it is enough to suggest that in region E 


N=N,+K,Z for Z,=<Z=<0 
N=N,+K.Z for Z>0 


For instance, approximating the curve in 
Fig. 3 we shall have 
K,=0-113; K,=0018 and N,=10 el/cm’ 


For region F: N=N,+K,Z 

N=N,-K,Z Z,=>Z=>0 

The curve in Fig. 4 near the maximum is 

well enough approximated by a “triangular” 
layer with gradients 


K,=0°165; K,=0-0535 and N,=1-85~ 10° 
el/cm*® 


.&*(Z)E=0 (2) 


By means of suitable substitution, equation 
(2) for a linear ionization law is converted to 
Airy’s equation: 


where in the absence of absorption a new 
variable is 


3 
,=1- (N,+K,Z) (3) 
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Where i=l, 2. For a triangular layer in 
formula (3) the lower sign for Z>0 is taken, 
and 

For Airy’s functions u (ft) and v (ft) satisfying 
equation (2’) we make use of determinations 
and designations introduced by Fok“ (see 
Appendix). 

In the problem considered, the advantage of 
using Airy’s functions instead of Bessel’s func- 
tions is that the former, and their first deriva- 
tives, preserve continuity at r=0. 

Further, it is suggested that ionization 
density changes slowly over the distance of a 
wave length, and the continuity of tangential 
components of the electromagnetic field at 
planes Z=Z,; Z=0, and Z=Z, for a 
triangular layer, and finiteness of the field 
intensity in the case of Z—>ox are taken into 
consideration. Let us assume that the falling 
wave amplitude at the plane Z=Z, is equal to 
unity, then after the calculations we shall 
obtain (omitting time factor exp (jwf)) the fol- 
lowing expression for the strength of the 
resulting electric field at the interface (Z=Z,) 
of the ionized medium for the case of mono- 


tonic rise of ionization with altitude (N= 
N.+K,Z). 
15) 
4 
E 1+ exp (j. 22). exp( I -expl 
(4) 
for Z=Z, where 
(t,) v (t,”)- K, .v(t,’) (t,”) 
(5) 
u’ (t,’) v (t,”)- 
Here 
t,’ = (= No -1) 
mo? 
‘i 
( mo? -1) 


In expression (4), the second component of 
the right part is a complex amplitude of the 
reflected wave on plane Z=Z,. Depending on 
the frequency of the falling wave, arguments 
t,’ and ft,” for the assumed value of electron 
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concentration N, on plane Z=0 may have both 
positive and negative values, or be reduced to 
zero. In all cases, expression (5) remains true; 
therefore, it is rather convenient for calcula- 
tions, and we shall use it for the purpose of 
investigating the E-region of the ionosphere in 
conformity with modern concepts of monotonic 
density rise in this region. It follows 
immediately from equation (4) that the module 
of the coefficient of reflection from the ionized 
medium equals unity, which is evident for the 
case considered because the medium is assumed 
to be nonabsorbing. 

Now, let us turn to the triangular law of 
ionization change when an effective electron 
density has a maximum (N,=Nmsx on plane 
Z=0). In this case the electric field strength 
at the boundary (Z =Z,) of the ionized medium 
will be determined by the following expression 


moe 
© 


q+j.(n+p) 
 t+q+j.(n—p) 


E=1+M.exp(- 


for Z=Z, where 


and 
1/3 
f= (t,’) v (t,.”)+ Uu (t,’) (t,’”) 


1/3 
n- u’ (t,) u (t,”)+ u(t,)u (t,”) 


(t,”)+ 


v(t, u(t,”)+ (=) (t,.) (t,”) 


p=v v (t,’) (t,”) 


(7) 


Airy’s functions and their first derivatives 
entering expressions (5) and (7) are tabulated, 
and therefore numerical calculations of equa- 
tions (4) and (6) present no difficulty. Expres- 
sion (6) will be used in studying reflection 
from the F-region of the ionosphere. 

Let us consider particular cases of (4) and 
(6). We shall begin with monotonic ionization 
distribution. 

(1) Let the effective electron concentration 
N, (on plane Z=0) to be so high that for the 


| 
— 


given frequency of the falling wave, arguments 
r,” and r,” in (5) are positive and have a great 
value (1 land,” >1). Then it is possible 
to make use of asymptotic formulas for Airy’s 
functions, and expression (4) will have a rather 


simple form: 
E L+exp( j ) exp (8) 


for Z=Z,. Expression (8) shows that ioni- 
zation over the level Z=0 does not exercise 
influence over the reflected wave 

(2) Electron concentration N, is so low that 
for the assumed frequency arguments, 1,’ and 
1,” are negative and high by absolute values 
[\r,’|>1 and |r,”|>1) 
In this case (4) is transformed as follows: 


|} (i 5 
x + ‘ (9) 
(1 ) K, 
for Z=Z,. Expression (9) is simplified on the 
condition that 
mo* 


<1 
and assumes, for Z = Z, the following form: 


E=\+ex {-i| 


-2°.N (x -exp(j 5) (10) 


If we proceed from the laws of geometric 
optics and determine the phase difference 
¢(w) between the falling and reflected waves, 
it is possible to obtain expressions (8), (9) and 
(10), with the exception of factor exp (jt/2) 
which is obtained only in the case of a strict 
consideration of the problem 

For instance, for the derivation of equation 
(9), the phase difference is evidently determined 
by the sum of the following integrals: 


0 0 
[ n, (Z) dZ + n, (2) az | 
c 
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where indexes of refraction m,(Z)= ¥ [¢,(Z)] 


AL kZ) | while n, (Z,)=0. 
N mo? 

Knowing the phase difference, ¢(w), of the 
falling and reflected waves, one can easily 
determine a group signal delay time Af,,- 
(w) 

If the falling wave frequency is sufficiently 
low for the given electron concentration N,, at 
the level Z=0, and, consequently (8) is valid, 
the group delay time will be 


Me = (11) 


On the contrary, for the case of high 
frequency when expression (9) is true, one 
obtains 


N 
(12) 
or, when pal <i, 
Al. c (x x.) (13) 


In the case of the considered structure of 
region E with monotonic change of electron 
concentration, the meaning of the critical 
frequency concept changes The critical 
frequency ,, is in fact the frequency , for 
which the dielectric permeability is reduced to 
zero at the level Z=0, where a change of 
ionization gradient takes place (from value K 
to K.): 


¢(0)=1 =() (14) 


Bearing in mind that in ionosphere region 
E the ionization gradient K,>K,, we shall 
steadily increase the frequency beginning with 
values considerably lower than w,. Then 
according to expressions (11) and (12) the 
group delay time and the rate of its change 
with frequency for »<, will be much lower 


| 
7 
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than for »>w,. Thus, at the transition over 
frequency ,, the effective altitude of the con- 
sidered region of ionized medium will rapidly 
increase, which corresponds to the specific 
form of altitude-frequency characteristics of 
the ionosphere. For ionization distribution 
shown in Fig. 3 the altitude-frequency charac- 
teristic (Fig. 6) is plotted with the help of 


300 


“3 
f Mc/s 


Fig. 6. The altitude-frequency characteristics 
the E-region in the ionosphere. 


expressions (11}-(12). It should be noted that 
validity of the formulas used is disturbed in 
the neighbourhood of freqvency ,. This 
region is shown by a dotted section in Fig. 6 

Now let us turn to ionosphere region F 
which contains the maximum of electron con- 
centration Let us consider consequences 
which appear upon approximating electron 
distribution in this region by a triangular layer 
with the maximum at the level Z=0 

(3) If the maximum concentration Nm for 
a given frequency of the incident wave is so 
high that arguments /,’>1 and ¢,”>1, then 
(6) is converted to (8). (In this case we use 
asymptotic formulas for Airy’s functions.) 


(4) For the critical frequency when argu- 
ments f¢,’ and f,” are reduced to zero, factor M 
in (6) is simplified : 


For a symmetrical layer (K,=K,) and |M 
0-5, i.e. in case of reflection, the amplitude 
decreases by 50 per cent. If we reduce gradient 
K, from value K,=K, to K,=0, infiltration of 
energy through the ionized layer will decrease 
and cease when K,=0 and (|M | =1), i.e. whe 
ionization after reaching the maximum does 
not already change with an increase of the 
altitude. Function |M =f <(a,/K,) in a consider- 
able part of range 0—1~0-5, and only when 
the argument K,/K, approaches zero (rapidly 
rising), does it tend to approach unity. 

(5) When the frequency is changed from 
values less than the critical one (@<,,) to 
values exceeding it (w>w,,) the electric field 
amplitude of the reflected wave M (entering 
expression (6)) will rapidly decrease for 
=... The curve in Fig. 7 illustrates the 
decrease of the reflected field intensity at the 
transition over the critical frequency 

Up to now we have neglected absorption in 
radiowave propagation through an ionized 
medium. Let us consider the effect of absorp- 
tion on a reflected wave. 


Absorption of radio waves 

For the studied laws of altitude-distribution 
of ionization it is possible to obtain a strict 
solution of the problem taking into account 
absorption, assuming that the number of 
collisions in formula (1) is a constant value. 
The general solution of the equation can be 
written in terms of Bessel functions of order 
one-third. For two regions of the ionized 
medium (Z Z=0 and Z>0) complex 
arguments of these functions for the case of 
monotonic rise of the ionization will be 


(16) 


K.\'3 
(15) 
K, 
= | 
4 
< 
+ 
| 
= 
as i 
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ig. 7. The decrease of reflected field intensity at 
transition over the critical frequency. 


ba (N.+K,.Z) 


mo? (1-j~) (18) 


where i=1, 2. When Z is increased, vectors 
corresponding to complexes €, rotate clockwise 
on the complex plane. For Z—>~ the vector 
determined by complex £, will lie in the second 
quadrant and will be inclined at an angle of 
ty to the imaginary axis while ,=arc tg V/o. 
As usual, for the ionosphere V/wo <1 and 
correspondingly, angle , has a low value. 

The solution is performed in such a way that 
for the limit V-—>-0 relation (4) is obtained. 

First of all two specific cases should be 
noted 

(i) If for the pre-set 
concentration N, is low—so that complexes 
—t,’=b,)"* and —t,”=b,'/* .r,[r,=r for 
Z=0] are located in the fourth quadrant of the 
complex plane—the solution can be con- 
veniently expressed in functions u (1)=u_ (ft), 
(u_(t) and are related with 
Bessel functions in the same manner as the 


frequency electron 


Airy functions of the real negative argument, 
(see the Appendix). 

(ii) For the case of high concentration of 
N, when complexes —1f,’ and —1,” are located 
in the third quadrant of the complex plane, the 
solution can be conveniently expressed in 
functions u(f)=u.(t), v(th=v. (u,(t) and 
v,(f) are related with Bessel functions in the 
same manner as the Airy functions of the real 
positive argument). The values of Airy com- 
plex argument functions u(r) and v (1) can be 
directly obtained from the “Tables of the 
modified Hankel functions of order one-third 
and of their derivatives.” 

The electric field strength at the boundary of 
the ionized medium for monotonous change of 
ionization will be determined by the following 
expression 


_1, (- 
t—jp 3xce*K, 


xexp -exp(i5) (19) 


while complexes 
1/3 


p=v' (t,’).v (t,”)- (t,’) . (t,”) 


(20) 
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If in the right part of equation (19) we pass 
to the limit for V-—>-0, we shall obtain expres- 
sion (4) derived earlier, which is true for a non- 
absorbing medium. For the case of high 
concentration N, when arguments —1?f,’ and 

t,” are located in the third quadrant of the 
complex plane, and besides this |f,/|>1 and 

|>1: 


5 
E )» 
* 1 


x exp(—P). exp j =) 


mo? ( 


(21) 


for Z=Z, 


where the absorption coefficient of reflected 
wave is 


(22) 
, 


For the case of low concentration of N,, 
when arguments —1f,’ and —f,” occur to be in 
the fourth quadrant and 1¢,’|>1 and |1,”!>1, 
we shall obtain from (20) on the condition that 


AY 
( ) <1 an expression identical to (9) but 


rd 
[= 


containing factor exp(—I") where 


(x 


where ¢(0)=1- 
mw 


+ 


(23) 


It should be noted that formula (23) can be 
derived on the basis of geometrical optics 
where 
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(N,+K.Z); n,(Z,)=0G=1,2) 


while «x; 
If condition 4ze*N,,/mw? < 1 is fulfilled, we 
shall find from (23) that 


2 
(24) 
3xce*K, 
For the ionospheric E-region K,<K,. With 
a rise in frequency, as follows from (22) and 
(24), absorption increases first with a lower 
rate, and then with the greater one. We have 
seen earlier that at the transition over frequency 
@, the effective altitude of the considered 
region of ionized medium sharply rises, and at 
the same time the reflected wave absorption 
will show rapid increase which, as is known, is 
proved by experiment. Assuming effective 
number of collisions V=10° it is possible to 
calculate the absorption coefficients for ioniza- 
tion distribution shown in Fig. 3. 


['=1:24 for frequency 10" 
['=21-5 for frequency » =2~ 10’ 


In the latter case the reflected wave absorp- 
tion appears to be rather high. If the decrease 
of the effective number of collisions with 
altitude is taken into account, for instance 
following the exponential law, the values of 
reflection coefficients will correspondingly have 
lower magnitude. 


Now let us pass to absorption in ionosphere 
region F. In approximating ionization distri- 
bution by the triangular layer the following 
expression for the electric field strength at the 


lower boundary of ionized medium is 
obtained : 
Vimo? 
E=1 +M .exp( - 
x exp (j ) for Z=Z, (25) 
where M= +P) 
r+q+j(n—p) 


By its composition (25) is identical to (6) 
obtained earlier. 


Therefore it is sufficient to 


0 
«) 
r=2. x, dz+2. { 
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write the expression only for one complex 
parameter, for example, 7: 


r=w (t,’) (t,”)4 (xi) (t”) 


As before, reflection depends on the location 
of arguments —1,’ and —1,” on the complex 
plane. In case of high ionization for a given 
frequency, we shall obtain the former expres- 
sion (21). In the presence of absorption 
arguments f,° and 7,” are always different from 
zero. In case of low ratio V/w <1, modules 

rt,’ and |1,”| will be low in the region of the 
critical frequency, and then (25) yields the 
following expression for the field strength 


Vimw* ) 
3xce*K , 


(26) 


mo 


E=1+4 M . exp( 


<exp 


Expression (26) shows that besides absorption 
determined by the value 


3xce*K , 


the wave amplitude decreases which is deter- 
mined by factor M (see expression (15)) as a 
result of energy infiltration through the ionized 
layer; the process of partial reflection of a wave 
from the layer takes place. The amplitude of 
the reflected wave sharply decreases if the 
frequency becomes higher than the critical one. 


3. NONSTATIONARY PROCESSES AT THE 

REFLECTION OF AN ELECTROMAGNETIC 

SIGNAL FROM HETEROGENEOUS IONIZED 
LAYER 


Let us suggest that an electromagnetic signal 
of the following form falls upon the interface 
of the ionized medium: 


for t>0 


for t<0 


=exp (jo,t), 
Ev. |= 0 


(o,=carrier frequency). 
Let us consider the reflected signal. 
purpose the electric field 


For this 
Strength of the 


reflected wave will be presented in the form of 
a Fourier integral. If absorption is neglected, it 
is convenient for the approximate calculation 
of a Fourier integral to use the stationary phase 
method. It should be that here the classical 
Thomson formula will somewhat change, for 
we are compelled to consider the case in which 
the point of the stationary phase is located near 
the limits of integration. The solution of the 
given problem was described by the author in 
1940." To illustrate this method we shall 
assume that a phase shift between the incident 
and the reflected waves will be determined, for 
instance, by equation (8) 


m 
while 
2 3xce*K , 


Then the envelope form of transient signal will 
be determined by relations 


| = -C(w) | 4 E S(u) | 


for 


vet | > + S(tw 


for t >3ew’ 


6 (w) 


(27) 


Here. C(u) and S(u) are Fresnel functions, 


where 


oom 2 
r=t— 3aw’ 
22w, 


u 

The use of the super-position method and 
Duamel’s theorem enable us to plot reflected 
impulses if the incident impulses have different 
forms. For ionization distribution in regions 
E (Fig. 3) and F (Fig. 4) the envelope curves of 
transient signals (Fig. 8) were plotted for two 
carrier frequencies of which one is », = 10" and 
the other »,=628 10". In the second case 
the delay of a signal appears to be greater, and 
the transient process takes place more slowly 
than in the first case. The group delay of a 
signal in the first case is 6°37 x 10~* sec, and in 
the second case = sec. 
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Fig. 8. The curves of transient signals. 


At present our knowledge in regions of 
ionization in the high atmosphere is not 
sufficient and requires further correction. 
Besides, atmosphere ionization may unde 
great changes. The curves for altitude-distri- 
bution of ionization density may have a lot of 
relative maxima and minima (e.g. see Fig. 
2). The present work is based on some of the 
most simple types of altitude-distribution of 
ionization. With the accumulation of new ex- 
perimental data, the conclusions contained in 
this work should naturally undergo certain 
alterations and corrections. 


go 


CONCLUSIONS 

1. This work considers electromagnetic 
wave propagation in the ionosphere on the 
basis of wave treatment of the problem with 
distribution corresponding to the 
latest experimental data. The solution expres- 
sed in Airy functions is convenient for 
investigation of the reflected field in the 
frequency range considered. 

2. In conformity with new concepts iono- 
sphere region E shows a sharp change of 
ionization gradient; however, a continuous and 
approximately monotonic rise in ionization 
with altitude is preserved. Therefore, with the 
rise of frequency the level of the electromag- 
netic wave reflection is steadily shifted to 
higher regions of the ionosphere. According 
to the former concepts of sharply limited layers 
in the ionosphere, at the transition over the 
critical frequency, the wave reflection region 
shifts skip-like from layer E to higher iono- 
sphere layers F, or F,. The critical frequency 
is now actually frequency », at which the 


ionization 


dielectric permeability for ionization density 
N.,, corresponding to the level of sharp change 
in the ionization gradient, is reduced to zero 

3. At the transition over frequency ©, the 
effective ionosphere altitude sharply increases 
with simultaneous rise of the reflected wave 
absorption so that the received signal intensity 
becomes rather low. 

4. The envelope curves of transient signals 
reflected from ionosphere regions E and F are 
plotted with ionization distributions corres- 
ponding to the latest experimental data. 

5. For low absorption in the ionized 
medium the results obtained by the strict solu- 
tion of the problem are approximately 
reconciled with conclusions of geometric optics. 


I consider it to be my pleasant 
duty to express my acknowledgements to V. I. 
Balashova and T. S. Romanova for their help in 
carrying out this work. 
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APPENDIX 
Relation of Airy and Bessel functions 
(1) Airy function of the negative argument 


v(—h=4V/ [J_,,. (x)+J,,, where x=} t>0. 
3 1/3 


(2) Airy functions of the positive argument 


jew 


(x)-I1 


1/3 1/3 


xX)i= 
@)] (37) 
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Asymptotic expressions for Airy functions are the A ae 
following if we limit ourselves only to the first u,=(< ') +, @41,,, 
member of the expansion: 


where x=3 


, cos ( x + 
4 
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Abstract—The impacts of micrometeorites upon the cylindrical shell of the satellite Alpha 1958 
were monitored by a calibrated piczo-electric detector. Results of these measurements are 
presented, including a description of the instrumentation, the calibration procedure, and the 
amount and type of data recorded at the ground stations. The total data sample over a period 
of 12 days of telemetering consisted of 78,890 sec of telemetered data with an excellent signal 
to noise ratio. During this time 153 signals denoting impacts by micrometeorites were recorded. 
This is equivalent to 1:7 10-2 impacts/m?/sec on the earth. The calibration indicates that 
for a mean impact velocity of 30 km/sec the particles striking the satellite had a mass of 
8x 10~-?° g or larger, if no large deviations in momentum transfer occur during the formation 
of hypervelocity craters. Thus, the accretion rate of extraterrestrial dust upon the earth may be 
estimated at 10,000 tons/day during the month of February 1958. A variation from day to day 
of the influx rate as large as an order of magnitude is evident from the data. A “shower” of 
dust particles has been found for the third day in orbit. A variation of the influx of particles 
may also be attributed to a diurnal effect from the earth's rotation and its heliocentric velocity. 


1. INTRODUCTION velocity of the cosmic dust is the escape velo- 

Meteoritic dust, impacting upon the cylin- city from the earth, 11 km/sec. Because the 
drical shell of satellite Alpha 1958, Explorer I, cosmic dust moves in heliocentric orbits. the 
was monitored with a detector incorporating a upper limit of the geocentric velocity is close 
piezo-electric transducer and a transistorized to 70 km/sec. The problem of initial interest. 
amplifier. These measurements represent the using the new method of direct probing of these 
first substantial, direct measurement of inter- hypervelocity particles from rockets and satel- 
planetary matter in the vicinity of the earth. lites, was the measurement of cosmic dust 

Measurements of extra-terrestrial dust, prior beyond the detection limit of optical and radio 
to the use of direct probing with rockets and measurements, approximately visual magnitude 
satellites, were carried out by ground-based 10, for masses less than 10 ig (9) 
methods, optical and radar observations, and 
measurements of the corona and zodiacal light. 
The development of rockets and their subse- 
quent use for research in the outer atmosphere, 
and more recently the success in launching 
satellites,": ® have added a new dimension for 
direct measurements of extra - terrestrial 
material. 

From previous ground-based investigations, 
a large amount of information about inter- 
planetary matter was available for defining the 
design specifications of a direct probing experi- 
ment. Above the atmosphere, beginning at the 


2. INSTRUMENTATION 

As_ reported,” * the measurements of 
micrometeorites were made using a crystal 
transducer and transistorized amplifier to de- 
tect the impulse of the impacting meteoroid 
from a satellite. This type of instrumentation 
is reliable, compact and, although of simple 
design, is sufficiently sensitive to provide a 
good data sample during the time that the 
experiment was in operation. 


* Present address: National Aeronautics and Space 
E-region, the lower limit of the geocentric A qministration. Washington, D.C. 
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Three reasons for using this type of detector 
are: (1) the area of the sensitive surface ex- 
posed to meteoritic impacts could be made as 
large as feasible using a single sensing element: 
(2) the high sensitivity of the detector permit- 
ted the detection of a large data sample since 
the number density of particles in interplanetary 
space increases with decreasing mass; and (3) 
it had been found by calibration that the de- 
tection system was sensitive to the momenta 
of the impacting particles, and therefore the 


a 


| 


Fig. 1 


mass of the impacting particles could be deter- 
mined in error depending upon the first 
the velocity 


with 
power of 

The sensing element was a lead zirconate 
crystal mounted in a machined cylindrical 
contact with the cylindrical shell 
of the satellite. The transducer was resonant- 
tuned during construction to give a maximum 
signal output at ultrasonic frequencies around 
100 ke/s. A diagram of the crystal micro- 
phone is shown in Fig. |. The pulse from the 


h mm 


crystal was amplified by a transformer-coupled, 
transistorized amplifier with a gain of 90 dB 


Micrometeorite detector microphone. 


122 MAURICE DUBIN 


(Fig. 2). The amplifier was also tuned to 100 
kc/s+5 kc/s by slugs in the transformers. The 
impact of a micrometeorite on the satellite skin 
causes an exponentially damped ringing in the 
material of the shell. The 100 kc/s compo- 
nent of this impulse observed at the output of 
the amplifier has a rise time less than a micro- 
second, and decreases by an order of magnitude 
in amplitude after a few oscillations. This 
impulse was rectified at the last stage of the 
amplifier to give a direct current pulse used to 


tail 
er head 
tir dice 
rodo? connector 


12 Mic.end cop 


switch a storage circuit, consisting of an 
Eccles-Jordan circuit (Fig 3). This bistable 
multivibrator modulated one of the four sub- 
carrier oscillators of the high powered trans- 
mitter on the satellite. A change in position 
of the bistable multivibrator shifted the sub- 
carrier oscillator frequency approximately 100 
cycles about a center frequency of 960 c/s 
Thus, the information rate required was depen- 
dent upon the rate of impacts by micrometeor- 
ites The micrometeorite information 
carried on one of four channels of telemetry 
on the high power transmitter of Explorer 1. 
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Gain - 90 db 
Current drain <2mo 


Frequency 100 kc t kc approx 


Fig. 2. 


Amplifier for meteoritic detection. 


Input from 


mcrometecr te omp 


Fig. 3 


[his transmitter radiated 60 mW of power on 
a frequency of 108-03 Mc/s for the first 12 
days of the satellite orbit. Fig. 4 is a photo- 
graph of the micrometeorite detector, the bis- 
table multivibrator, and the mercury batteries 
used to supply three weeks of power. Fig. 5 ts 
a photograph of the satellite instrumentation 
The microphone was mounted on the ribbed 
support. Impact information was fed to the 
high power transmitter mounted at the base 
of the payload 


3. CALIBRATION 
The micrometeorite detection equipment was 
calibrated by impacting particles on the satel- 
lite shell. In this first, elementary satellite 
experiment, particle impacts above a fixed 
threshold level could be monitored. The cali- 


Pulse storage circuit. 


bration was carried out to determine the effec- 
tive threshold level for this equipment 

In order to calibrate the equipment it was 
necessary to determine the characteristic para- 
meters of the particle impact The particle is 
characterized by its mass and the velocity of 
impact. A series of experiments was carried 
out to determine the sensitivity of particle im- 
pacts by impact tests over a large range of 
mass and velocity. Theoretically, this type of 
detector is sensitive to the momentum of the 


was found that the momentum 


impact. It 
dependence was valid over the entire range of 


mass and velocity producible by laboratory 
methods for the range of sensitivity of the 
micrometeorite detection equipment 

The low ranges for velocity of impact were 
obtained by dropping glass spheres on the 
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Microphone V 


Fig. 6 


sensitive surface. In this manner a_ velocity 
range of 20 cm sec to 400 cm/sec was obtained 
using spheres with diameters ranging from 65 
to SOO (04-200 g) These tests were cor- 
rected for viscous drag, the dropping height 
varying from a couple of millimeters to a few 
centimeters. Since these impacts were elastic, 
the impulses were measured in some cases 
through several rebounds. This calibration in- 
dicated that the equipment was sensitive to the 
mometum of impact 

The calibration at the high range of velocity 
carried out with cylindrical, explosive- 
charge accelerators”. Single steel particles 
with diameters from 38 to 300 « were acceler- 
ated to velocities as high as 4 km/sec and im- 
pacted upon the sensitive surface. The velocity 
and impulse were measured. Fig. 6 is a curve 
of the signal obtained from the microphone as 
a function of the momentum of the impact 
These tests indicated that the micrometeorite 
detection equipment was sensitive to the 
momentum of the impact over a range of 
momenta covering four orders of magnitude 
At velocities of 4 km/sec, the impact is inelastic 
and a hypervelocity crater is formed on the 
impacted surface. Comparisons were made on 


was 


Microphone calibration curve 


the same equipment by dropping glass spheres 
After corrections were made for elastic and 
inelastic impacts, it was found that both meth- 
ods gave consistent results within a factor of 2 
Thus, the micrometeorite detection equipment 
was found to be sensitive to the momentum of 
the impact over a large range of masses and 
for a range of velocities from 2 « 10 * km/sec 
to 4 sec 

The velocities of meteoroid impacts upon the 
satellite may vary between 10 km sec and 70 
km sec. The momentum transferred to the im- 
pacting surface from the micrometeorite impact 
is measured with the acoustical detection sys- 
tem. At meteoroid velocities. no direct calibra- 
tion measurements of the momentum transfer 
are available. There is a possibility that dur- 
ing crater formation the amount of surface 
material and meteoritic material exploded 
from the surface may result in a more efficient 
momentum transfer than obtained from simple 
momentum transfer. However, for calibrations 
performed at velocities of 4 km/s with crater 
formation this was not borne out. Although 
material was ejected during crater formation, 
the momentum transfer behaved like an in- 
elastic collision. An adequately proven theory 


aig 
a0 
124 
> 
++ | 
| 
| 4 | 
oe} 4} +444 >) 
4, 008 650 100 500 000 
ik. 
way 
; 
ie 
> 


6) 


4. Micrometeorite detector for Explorer | 


> te 
> 
_ 
ey 
Bere 
. 
5 
= rx = 
4 
7 
+s 
43 
6 


t 


Fig. 5. Instrumented payload section of Explorer | 


poe 
= 
a 
1 
Sos 


METEORIC DUST MEASURED FROM EXPLORER I 


of crater formation giving the mometum trans- 
fer at meteoritic velocities is not presently 
available. 

The material ejected during crater forma- 
tion will, of course, add to the momentum 
transferred. It appears, however, that at 
meteoritic velocities the momentum transfer 
with cratering is not much different from mo- 
mentum transferred during elastic impacts. In 
any event, the error from the effects of crater- 
ing is probably no greater than the errors in 
the measurement from not knowing the actual 
velocity of impact and from the variation in 
sensitivity over the cylinder of the satellite. 
The overall error in determining the mass of 
micrometeorites impacting upon the satellite is 
less than a factor of 10 

Ihe calibration of the flight model of the 
satellite equipment was made by dropping glass 
spheres. Fig. 7 gives the threshold momentum 
for elastic impacts required to shift the bistable 
multivibrator at a few of the points used in 
mapping the cylindrical shell. Twenty impacts 
were used to determine the values for each test 
point. Point A, directly over the microphone, 
had a threshold value of 1:7 10~-*° g cm/sec. 
Point D, the least sensitive point on the cylin- 
der, was diametrically opposite point A and at 
the far end of the cylinder. The impulse 
measure at D was 10~-* cm/sec, only 


one-third the sensitivity of point A. Both ends 
of the cylinder were connecied to insulators 
used in making the transmitting antennae. The 
insulating material transmitted impacts very 
poorly. The conical tip was 100 times less 
sensitive than point A, and the last stage motor 
was SO insensitive to impacts that a value could 
not be determined. Thus, the sensitive area 
was a cylinder with diameter of 15-2 cm and 
length of 45:7 cm, an area of 0-23 m*. The 
effective threshold momentum for this area 
was 2:5 x 10-* g cm/sec. 


4. RESULTS AND DISCUSSION 

Satellite Alpha 1958 was successfully laun- 
ched at 0348 U.T. on 1 February 1958 from 
Cape Canaveral, Florida. The orbit had an in- 
clination angle of 33-4”, perigee altitude of 
374 km, apogee at 2550 km, and period of 
115 min. Data was received only while the 
satellite was over a receiving station, since 
there was no data storage system. Good sig- 
nals were received on a single pass for as long 
as 10 min when the satellite was near apogee. 
Data from the micrometeorite experiment was 
recorded by regular telemetry stations and by 


Minitrack stations at Blossom Point, Mary- 
land; Fort Stewart, Georgia; Havana, Cuba; 


Woomera, Australia; Quito, Equador; Lima, 
Peru; Antofagasta, Chile; Santiago, Chile; An- 


o 


crometeorite detector ff 


Threshold impulse for micrometeorite impacts 


A cm/sec 
8 46x cm/ sec 
C 2:5* cm/ sec 
D 52x cm/sec 


Fig. 7. 


Micrometeorite impact calibration on cylindrical shell of Explorer |. 
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Input Two stage Driver 
stogger tuned — 
omplifier 


Fig. 8. Discriminator for data reduction. 


LC tuned 
90cp.s 
ond rectifier 


Differential output 
to bolonced pen recorder 


LC tuned 
1020 c.p.s. 
ond rectifier 


tigua, British West Indies, and San Diego, 
California. Eight Microlock stations in Flori- 
da, Singapore, Nigeria, California, etc., recor- 
ded each close passage of the satellite. Amateur 
radio operators, particularly in Kansas, North 
Carolina, Louisiana, Minnesota and Texas, also 
received good recordings 

The tapes were fed through a discriminator 
shown in block diagram form in Fig. 8. The 
discriminator had two tuned channels at 910 
c/s and 1020 c/s to correspond to the high and 
low frequency positions of the subcarrier oscil- 
lator; the band-width was 25 cycles and the time 
constant was about The output of the 
discriminator was recorded on a two channel 
paper record, the second channel being used 
for the time code. The channel signal was 
also observed on multiplexed oscilloscopes, 
each having oscillator tuned horizontal sweeps 
A Lisajou figure would form on one oscillo- 
scope and switch to the other scope when the 
subcarrier oscillator changed frequency. A 


3 sec 


— On scope 


1a TAAL Lc position 


Import switch 


Fig.9. Sample of A-type telemetering Record. 


loudspeaker was also used to monitor by ear 
the characteristic tone of the signal. Fading of 
the signal could easily be recognized. The three 
methods of analysis were carried out simultan- 
eously for nearly 400 rolls of 30-min tape, 
representing the amount of information received 
during the first 12 days of Alpha 1958. In this 
manner the signal could be classified into types 
A, Band C. Class A represented a signal with 
an excellent signal to noise ratio and was quite 
easily read. Class B was readable with some 
difficulty, and Class C was noisy and question- 
able. Fig. 9 is a section of Class A data re- 
corded on paper and indicates the change 
observed during a switch of the subcarrier 
oscillator 

In Table |, the results of the A and B data 
are given for each day. Both A and B tele- 
metering signal times were noted for each sta- 
tion, and the number of switches of the sub- 
carrier oscillator or hits is recorded. There 
were 153 hits recorded in the total class-A 
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Table. 1. Compiled Data for Explorer 1—Daily Totals (Greenwich Date) 

Date A time A hits A rate B time B hits B rate A +B 4 + B A+B Unseen 
Feb. (sec) x10% sec (sec) x 10° time hits rate hits 
1 3905 15 3°84 421 — —_ 4326 15 3°47 4 
2 8584 39 4°54 580 1 1-72 9164 40 4°36 9 
3 8634 57 6°60 1220 4 3°28 9854 61 6°19 —_— 
4 7882 20 2°54 127 2 15:7 8009 22 2°75 7 
5 6584 - - 550 7134 8 
6 5420 l 0:18 195 2 10°3 5615 3 0°53 6 
7 7461 6 0-80 567 a — 8028 6 0°75 8 
8 6060 — - 473 6533 — 6 
9 7652 1 0°13 426 1 2°35 8078 2 0°25 6 
10 7565 7 0°93 77 _- - 7642 7 0°92 6 
1! 6939 7 1:01 425 -- — 7364 7 0-95 13 
12 2209 - _— 247 2 8-10 2456 2 0°81 | 
Total 78895 153 1:94 5308 12 2°26 84203 165 1°96 84 


time of 78,895 sec. This represents nearly 8 
per cent of the total time of telemetering with 
the high power transmitter. There were only 
12 hits recorded during the 5308 sec of B time. 
The rate of class-A hits, 1-94 10~-* hits/sec, 
compares well with the B rate of 2:3~x 10 
hits / sec. 

Figure 10 is a plot of the number of hits 
recorded during each Greenwich day. A large 
fluctuation from day to day is noticeable. On 
5 February and 8 February no hits were re- 
corded, although eight and six “unseen” hits 
were found (Table 1), an indication that the 
equipment was operating satisfactorily. “Un- 
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D= Greenwich date (February 958) 
Fig. 10. Number of impacts per day. 


seen” represents information that an odd num- 
ber of hits, and at least one hit, occurred 
between reception of the signal at two sequen- 
tial receiving stations. 

Although the data sample is small, an idea 
of the significance of the data may be obtained 
from the number of hits or the rate of hiis as 
a function of local time. Fig. 11 is a plot of 
the number of hits in each hour of local time 
for the first 88 hits in the data sample. A 
diurnal dependence, resulting by the earth’s 
heliocentric velocity, is evidenced, in that nearly 
ninety per cent of the 72 hits shown by the 
black bars occurred on the dawn side of the 
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Fig. 11. 


Diurnal variation of meteoritic impacts on 
Alpha 1958. 
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earth between the hours of midnight and twelve 
noon. The three dashed lines at 16, 18 and 
20 hr represent 16 hits and are probably a 
micrometeor “shower”. All of these impacts 
were observed during a 4-hr interval on 3 Feb- 
ruary at two stations in the United States which 
were 2000 km apart, while the satellite was 
near perigee. The rate of impacts was about 50 
times greater than the average rate of 1-94 x 10 
hits/sec, and at a time of the day when the 
diurnal variation would normally give a mini- 
mum rate of influx of interplanetary material. 

The impact rate of micrometeorites on Alpha 
1958 was 1-94 10 sec Taking into 
account the sensitive area of 0:23 m’, the 
rate was 8:4 impacts m~* sec™'. Because 
the earth is shielding the satellite, the impact 
rate for the same mass component of micro- 
meteorites at one astronomical unit is nearly 
twice this value, or 1-7 x 10-* impact m~* sec 
on the upper surface of the satellite 

Based upon the calibration of the effective 
momentum threshold of g cm/sec, 
assuming a linear momentum dependence is 
valid at meteor velocities .and using a mean 
velocity of impact of 30 km/sec, the mass of the 
impacting particle may be computed. This mass 
is &x 10 g or greater at a velocity of 30 
km/sec. The mass influx upon the earth would 
then be 1-4» 10°"! g for this com- 
ponent of interplanetary matter. This is 
equivalent to 6 x 10° g/day or 6 = 10° tons/day. 
If one may assume that a distribution of the 
mass and number of particles follows the 
pattern measured by Watson’, then the total 
influx of meteoritic material from tenth visual 
magnitude to thirtieth visual magnitude would 
be approximately 10* tons/day over the earth’s 
surface 

This value of 10* tons of interplanetary 
material falling upon the earth each day is a 
tentative one because of the assumptions upon 
which it is based. It was assumed that the 
distribution of cosmic dust was not much differ- 
ent from that given by Watson; this distribu- 
tion may be measured directly from satellites. 
It was also assumed that since the micrometeor- 
ite detector on Alpha 1958 was sensitive to the 
momenta of the impacts to velocities as high 


as 4 km/sec, the momentum transfer remained 
proportional to the first power of the velocity 
of impact at meteor velocities. If this is not 
basically correct, the error may become large 
at the high end of the velocity distribution. 
The velocity of the impact must be measured 
also in future satellite experiments. It was fur- 
ther assumed that all impulses measured were 
meteoritic impacts. During the powered flight, 
the detector indicated a number of pulses, par- 
ticularly while the motors of the last three 
stages were burning. The satellite was intern- 
ally free of loose particles and there were no 
moving parts. The temperature of various parts 
of the cylindrical shell varied slowly, and 
within the range of —25 and 75°C, there was 
too small a temperature excursion to generate 
perturbations on the micrometeorite detector 
The indication of the diurnal variation of the 
type expected strongly points to the validity of 
the data. The value of 10° tons/day as the 
accretion rate is similar to estimates made from 
zodiacal light measurements 


5. CONCLUSIONS 

Significant measurements of the impact rate 
of micrometeorites upon the earth were made 
for the first time from a satellite on Alpha 
1958. An impact rate of 
was measured. From the assumptions of velo- 
city of impact and effective momentum transfer 
of the impacts, the mass influx upon the earth 
is g/m*/sec for the component of 
cosmic dust measured. By making a further 
assumption for the mass distribution of inter- 
planetary material, the daily accretion rate of 
the earth is found to be approximately 10,000 
tons/day. The measurements also indicate the 
presence of a diurnal variation. Large varia- 
tions from day to day have been observed. In 
one case, a possible micrometeorite “shower” 
may have occurred, although the radiant is 
unknown. 

The total sample, though significant, is very 
small. Actually, this information refers to 
micrometeorite impacts for nearly a two-week 
period in the month of February. Still un- 
known and requiring solution by direct meas- 
urements from satellites, are a large number 
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of problems associated with interplanetary 
material at | astronomical unit from the sun. 
A good statistical sampling of micrometeoroids 
to determine their mass distribution, shower 
effects, daily and seasonal variations, is of in- 
terest. Velocities and directions may be 
measured to determine their orbits. Much more 
information is needed to understand cratering, 
penetration and other effects associated with 
impacts at velocities as high as 70 km/sec. 
Many more problems exist and may be 
answered in a direct manner using the satellite 
of the earth as a laboratory. 
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Abstract—In the southern auroral zone during the winter of 1957, H, was detected which had 


a width equal to or less than 8 A. This 


observation is viewed as evidence for proton 


bombardment without the usual high velocity auroral particles. The alternate explanation of 


1. INTRODUCTION 

The observation by Meinel’ of Doppler 
shifted hydrogen lines in aurorae was the first 
direct evidence that high velocity protons pene- 
trate to auroral heights in the atmosphere 
during times of auroral displays. Subsequent 
observations especially by Russian workers 
using higher dispersion spectrographs have 
confirmed Meinel’s results. Galperin’®’ using a 
spectrograph with a dispersion of 85 A/mm has 
reported consistently similar H. profiles at 
equal distances from the magnetic zenith. At 
the magnetic zenith he found the maximum of 
the H, profile shifted 300-400 km sec to the 
violet and a violet wing extending to 2000 
km/sec. At the magnetic horizon Galperin’s 
H. profile had a half width of 13 A correspon- 
ding to a velocity of 300 km/sec. All of the 
hydrogen profiles reported in the literature have 
been similarly broad and shifted. Montal- 
betti® observing with a scanning spectrometer 
at Churchill observed moderately bright hydro- 
gen emission (500 rayleighs) during a period of 
complete absence of visible aurora. The H., 
line in this enhanced airglow was less shifted 
to the violet than in normal aurorae indicating 
a maximum velocity of approach of 1200 
km / sec 

The normal profile of auroral H, in the mag- 
netic zenith cannot be reconciled with mono- 
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enhanced fluorescence of interplanetary hydrogen is discussed 


energetic protons entering the  earth’s 
atmosphere along magnetic lines of force 
Hence Chamberlain’ and sugges- 
ted a velocity dispersion of auroral protons 
with a distribution of the form v~*. Additional 
evidence for low velocity protons may be 
inferred from Galperin’s*’ observed correlation 
between high altitude type A aurorae and 
hydrogen emission 

Prokudina™’ has observed another type of 
hydrogen emission in the night sky during 
periods of low magnetic and auroral activity 
This night sky hydrogen is significantly 
narrower than auroral hydrogen (half width less 
than the instrumental width of 2A). Brandt 
and Chamberlain’ and Shklovsky’’ conclude 
that the intensities of 5 to 20 R observed by 
Prokudina may be explained by resonant 
scattering of sunlight by interplanetary 
hydrogen. 


2. AN UNUSUAL TYPE OF HYDROGEN 
EMISSION 

During the Antarctic winter of 1957, 507 
auroral spectrograms were obtained with the 
patrol spectrograph at Ellsworth IGY Station 
(geomagnetic latitude 67° S). On all but one 
of the 261 spectrograms which contained 
hydrogen lines, H, and Hy were typically 
broadened and shifted to the violet. However, 
during the night of August 18-19 a 430 minute 
exposure contained an H, line which had a 
width equal to or less than the instrumental 
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H-alpha 


No 
(5,2) 


extended from the southern horizon to 45 
above the northern horizon. As the sky was 
overcast during a portion of the exposure, the 
radiation cannot be identified definitely as 
having originated at the magnetic zenith or the 
magnetic horizon. However, even the low 
velocity protons observed by Montalbetti'’’, 
which must have been stopped in the atmo- 
sphere above 130 km, yielded H, on the mag- 
netic horizon with a half width of ISA. 
Consequently the protons responsible for the 8 
A wide H, line must have had a velocity con- 
siderably less than 1200 km/sec. 

H, with a width of 8 A or less at the magnetic 
zenith may be explained by a flux of protons 


= 


Fig. |. Microphotometer tracing of part of spectrogram 
of August 18-19, 1957 The dotted line shows the 
approximate shape of normal broadened H,. 


width of 8A. Part of a microphotometer 
tracing of the spectrogram is shown in Fig. 1. 
For comparison a dotted line shows a typically 
broad H,. The narrow H, had approximately 
the same intensity as the Na 5890/96 doublet 
which in winter in polar latitudes has an 
emission rate of 50-70 R (Barbier and Pettit'*’). 


3. DISCUSSION 


Because of the low dispersion of the patrol 
spectrograph (300 A/mm), it is difficult to ex- 
clude the possibility that the narrow H., line 
came from a high altitude arc viewed on the 
magnetic horizon. However, the uniqueness of 
the line is very suggestive of a significant 
departure from normal auroral conditions. On 
the 260 other spectrograms, even on the 
magnetic horizon, H, was more broad (ISA 
half width). When the first positive band 


system of N, was present, the violet wing of 
normal H, was always blended with the 7,4 
band head. Emission in the narrow H, line 


with a velocity less than 200 km/sec and an 
energy less than 0:2 keV. According to recent 
calculations by Chamberlain* a 500 km/sec 
proton would radiate 0-18 quanta of H. in its 
passage through the atmosphere before it is 
brought to rest. If we assume a mono-energetic 
beam of protons, an emission rate of 70 R 
corresponds to a proton flux of approximately 
4x 10° protons/cm’ sec. Velocities of 500 
km/sec and densities of 1—-10° particles /cm* are 
suggested for solar streams originating from 
M-regions. The observed narrow H, may have 
been produced by such low velocity corpuscular 
streaming which apparently represents a normal 
condition of the declining sun. Such narrow 
hydrogen emission may be common across the 
polar cap but would be easily missed because 
of its faintness and the impossibility of detec- 
ting it when normal broad hydrogen emission 


is present. This observation appears to com- 
plement the conclusions of Chamberlain“ 
Galperin’’’, and Shklovsky’”’ that low velocity 


protons are associated with the 2000 km/sec 
protons observed in normal aurorae. 


The existence of such low energy protons in 
the auroral zone again brings up the problem 
which has been recognized in geomagnetic 
phenomena for some time, namely, the exist- 
ence of particles of energies far below the 
geomagnetic cut-off energy. Particles such as 
those discussed here and those associated with 
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type III polar cap absorption (Leinbach and 
Reid '* ) suggest that at times of even moderate 
magnetic disturbances solar particles experi- 
ence little or no transverse magnetic field while 
penetrating into the polar cap 
Because Ellsworth is in the southern auroral 
zone, it seems natural to explain the narrow 
H. line by a beam of low energy protons. An 
alternate explanation would be an enhanced 
resonant scattering of sunlight by interplane- 
tary hydrogen The total number of 
interplanetary / hydrogen atoms responsible for 
scattering an intensity 7, of H. is 
4-/] 4-/] 
(1) 


} 


where f,, is the oscillator strength for Lyman- 
beta, the A’s are the Einstein coefficients, and 
F,. is the flux of solar Lyman-beta. We adopt 


Brandt and Chamberlain's value for g,, 
which was obtained assuming no absorption 
core of the solar line. With g,,=2°3x 10“ 


photon /atom sec and 47/,,=7 10° / photons 
cm sec the number of hydrogen atoms 
along the line of sight is \ 3x 10" atoms 

cm*®. This value is a factor of ten greater than 
that indicated by the observations of Kupperian 
et a on Lyman-alpha in the night sky. We 
can not attribute an apparent ten fold increase 
in N,, to an increase in the flux of solar Lyman- 
alpha because the sun was relatively quiet 
during this period. Instead, such an increase 
may result from a density inhomogeneity of the 


interplanetary medium. It is unlikely that an 


enhancement with a life time of two or three 
days in the neutral hydrogen density surround- 
ing the earth would be produced by low 
velocity corpuscular streaming from the sun 
The recombination time for electrons and 
protons after ejection from i 
approximately 


the sun 1s 


= (2) 
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with the proton density in the stream N, = 10* 
and the recombination coefficient, 
10-'', the recombination time is approximately 
100 days. 


4. SUMMARY 

The observation of H, with a width of 8 A or 
less may be explained by (1) a stream of low 
energy protons incident upon the atmosphere 
or (2) scattering by interplanetary hydrogen 
Alternative (2) involves no serious conceptual 
difficulties: but because the observation was 
obtained in the auroral zone, explanation (1) 
appears the more reasonable. So interpreted, 
the observation represents direct evidence for 
the existence of low velocity auroral protons, 
already inferred from the normal H. profile and 
from the association of H. with high altitude 
type A aurorae 
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at Brisbane recorded the azimuths-of-arrival of pulsed 3-84 
355 km from Brisbane); also pulsed signals at the same 
om a transmitter on the site of the loops 

nd other normal-incidence records indicate that the irregularities of the F2-layer 
records at Brisbane, are ripples of considerable lateral extent with a 
100 km 
height in such a manner as to suggest a simple relationship 


The position of the ripple in each 


Seasonal variations of the phenomenon show a winter maximum and a summer sub-maximum. 


and there is distinct 


range-spreading 


inverse 


generally has a peak of 


sunspot-cycle relationship 


occurrence 


The 
round midnight, 


type of spreading defined as 


and that defined as 


frequency-spreading peaks during the sunset and sunrise periods, after an allowance is made 
for a diurnal var 


1. INTRODUCTION 

The ionospheric phenomenon of “Spread-F” 
makes itself manifest on ionosonde records by 
additional traces, which are generally similar 
in shape to the main /’f trace, but with critical 
frequencies (f,F2) which may be greater than, 
or less than, that of the main trace. It is seen 
at Brisbane associated with the one-hop trace 
obtained at night, the frequency of occurrence 
depending on season and state of the sunspot 
cycle (McNicol et Singleton'?’) 

The “Spread-F” records at Brisbane display 
a variety of forms. Observations of the satellite 
traces at the low frequency end of ionograms, 
where retardation can be neglected, indicate, at 
certain times, ranges more than 10 km greater 
than the true range of the main echo. At other 
periods the true range of the satellite echo is 
little greater than that of the main trace, but 
the critical frequencies are different. The first 
type of spreading has been called “range- 


spreading”, and the other “frequency-spread- 
ing”. 
Other 


ionograms showing “Spread-F” 


lation associated with the changing f F2 value 


merely exhibit diffuse traces. Evidence presen- 
ted in this paper indicates that nearly always 
these result from satellite traces so close in true 
range or critical frequency that the resolution 
of the equipment is insufficient to separate 
them. It is convenient to classify spreading 
into the groups “resolved” and “unresolved”, 
as illustrated in Fig. 1, on the basis of the 
ionograms. It must, however, be remembered 
that such distinction is a function of the instru- 
ments used for observation. Many borderline 
cases occur. 

A study of resolved range-spreading, using 
mainly normal-incidence reflection, has already 
been published Further information on this 
phenomenon, together with unresolved range- 
spreading and unresolved frequency-spreading, 
has now been obtained employing a rotating 
spaced-loop direction-finding system, based on 
that of Ross [his was located at Brisbane 


(lat. 27°5°S., long. 152°9°E., geomag. lat. 
35-1°S., magnetic dip 57°) and observations 
made on reflected pulses originating from (i) a 
transmitter at Armidale, distant 


355 


km and 
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Fig. 1. lonogram sketches of (a) resolved range- 

spreading; (b) resolved frequency-spreading ; 

(c) unresolved range-spreading ; (d) unresolved 
frequency-spreading 


bearing 202° (from true north) from Brisbane 
and (ii) a transmitter located close to the loops 
and operating on the same frequency (3-84 
Mc's) The spaced-loop direction-finding 
system while it does not provide information 
on the elevation angle, as does that of Thomas 
and McNicol", has the advantage of allowing 
the azimuths-of-arrival to be determined, even 
when satellite echoes are closely spaced in 
range 

In addition, further analysis of /’f and other 
records described in Ref. (1) has been under- 
taken 


2. EQUIPMENT 

(a) Transmitters 

The transmitters at Armidale and Brisbane 
operated with a peak output of 2 kW. The 
pulse duration was 70 usec and half-wave di- 
pole aerials, 10 m above the ground were used 
The Brisbane transmitter had a_ pulse- 
repetition-frequency of 50 c/s, the modulation 
being controlled by the mains, while the pulse- 
repetition-frequency of the Armidale transmit- 
ter was 3333 c/s This frequency was 
maintained to a high degree of accuracy by a 
crystal-controlled unit 


(b) Receiver and displays 

A common receiver (Loran AN/APN-4, 
modified) was used for both sets of signals, the 
output being connected to two separate C.R.O 
display units. The ground pulse from the 
Brisbane transmitter was used to trigger the 


time-base of one display, thus locking the 
positions of the echoes from the local trans- 
mitter. Signals from positions with virtual 
ranges from 0 to 600 km were recorded, and 
height marks at 50 km intervals were placed 
on the record once every 4 min 


The second display was triggered by a 
crystal-controlled unit, identical with the one 
modulating the Armidale transmitter. Small 
differences in the two crystal-controlled fre- 
quencies made the pattern of signals from 
Armidale drift slowly across the C.R.O. face 
However, with a fine adjustment on the Bris- 
bane unit. it was possible to arrest this drift so 
that, at times, as long as half an hour was 
required for the pattern to drift right across. 
The time-base velocity was so adjusted that, as 
the signal pattern disappeared on one side of 
the display, it reappeared on the other. Thus 
all signals were recorded at all times. The 
distance between patterns represented 900 km 
range and allowed a calculation of range 
differences between the main F2-trace and other 
traces 

35 mm film moved at right angles to the time 
base, on which the signals were represented by 
a blackening out of the trace. at a rate of 3-8 
em/min and a small neon light indicated on 
the film a particular orientation of the system 
once every rotation 


(c) Direction-finder 

The rotating-loop system consisted of two 
loops 2 m square spaced 10 m apart, with their 
planes parallel to each other and perpendicular 
to the booms joining them (Fig. 2). A cabin 
(centrally situated with respect to the loops) 
housed the recording equipment, and a syn- 
chronous electric motor which rotated the 
system at a rate of one revolution per 2 min. 
Power and subsidiary cables were buried 3 ft 
underground, and entered the cabin through 
slip-ring contacts. 

The loop aerials, consisting of two turns of 
coaxial cable, were tuned to resonance, and 
balanced for phase and amplitude by adjust- 
ments at the base of each loop. The aerial 
outputs were brought by coaxial cables into 


bel 
4 
= 
> 
‘ 
~ 


Fig. 2. Rotating spaced-loop direction-finding system 
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Fig. 3. Schematic diagram of rotating-loop system equipment 


the cabin where their signal strengths were 
compared in a difference unit (Fig. 3). Its out- 
put gave a “null” response when the boom 
orientation was at right angles to the azimuth- 
of-arrival of the signal 

The ambiguity of direction was resolved by 
switching in a suitable resistance between one 
aerial output and earth so that the amplitude 
balance of the aerials was disturbed. This had 
the effect of rotating the position of each “null” 
by about 30°, the displacement of the “nulls” 
being in the opposite The 
was switched in for one min in six 


resistance 


The neon 


sense 


light was also used to indicate on the film when 
the “nulls” were displaced 

Since the “nulls” provided by the spaced-loop 
system, with the signals coming in at high 
were far from perfect it 
arranged for the gain of the receiver to be 
varied over a range 48 times every rotation, 
1.¢., once every 2°5 sec. Originally a method 
similar to that described in Ref. (1) with a 20 
dB variation of sawtooth type was employed 
Various other arrangements were until 
25 July 1958. when the gain variation was made 


45 dB in 9 equal steps of 5 dB 


elevations, was 


used 
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Figure 4(a) gives an example of a normal- 
incidence satellite trace showing the appear- 
ance of the and the displacement of 
yne “null” to resolve the ambiguity of azimuth 
“Nulls” displaced to the right indicate the true 
direction-of-arrival when the right-hand edge 
of the neon direction indicator is called 030 


“nulls”, 


(true). Satellite traces on oblique-incidence 
records are shown in Fig. 5 (a) and (b). Fig 
S(b) is complicated by additional “nulls” due to 
fading. However, the loop “nulls” can be 


distinguished by their repeated occurrence 


(d) General 

A block diagram of the recording equipment 
arrangement is shown in Fig. 3. The oblique- 
Suitable records 
August 1958 
Recordings were made mainly) 
during the period 20.00-24.00 hr. However 
occasional records were made for the rest of 


incidence experiment gave 
from 20 June 1958 to 17 


(inclusive) 


the night and during the sunset and sunrise 
periods 


3. EXPERIMENTAL RESULTS 

(a) Plan position of irreeularities 
(i) Resolved range-spreading 

satellite traces were 
oblique-incidence and 
periments. During the 120 hr of concurrent 
recording (20 June 1958 to 17 August 1958 
inclusive) satellite traces appeared in the 
record of signals from Armidale on thirty-two 
occasions when discrete satellite traces 
appeared on the normal-incidence recordings, 
and five occasions when they were absent on 
the normal-incidence recordings. Also, during 
this interval, twenty-five normal-incidence 
satellite traces occurred when no satellite trace 
appeared in the Armidale records These 
satellites were nearly all divergent types on 
both sets of records (cf. Ref. | for classification 
of satellite types). A total of four convergent 
type and one mixed type was found at normal- 
incidence and one convergent type and one 
mixed type at oblique-incidence. This is what 
would be expected from the previous study 
(Fig. 23 of Ref. 1) as the satellite traces are 
predominantly divergent in the hours before 


Well-defined 
ecorded by both the 


norm il-incidence 


BOWMAN 


midnight, when most of the 
records were taken 

Figures 4 and 5 show sample records. In 
Fig. S(a), what would normally be called the 
main trace is displaced 15° towards the east, 
while the satellite trace shows an extra range 
of 125 km, and a displacement of 45° to the 
west. The displacement of 15° towards the 
east was the highest ever observed for the first 
F2-trace received. Displacements over 74 
were exceptional 


rotating-loop 


Assuming retardations of the satellite signals 
foblique- and normal-incidence) to be the same 
as those of the main trace (oblique- and normal- 
incidence), true ranges were calculated using 
data from ionograms. It was also assumed that 
the height of reflection for the satellite trace 
was the same as for the main trace. These data, 
together with the direction-of-arrival informa- 
tion, allowed a determination of the position 
and orientation of the reflecting surface, if it is 
further assumed that reflections were specular 
and no refraction took place 

Two examples of the plotting method used 
and the results obtained are shown in Fig. 6a) 
and (b). In Fig. 6(a) the additional echoes are 
satellites of one-hop F2-reflections, whereas in 
Fig. 6(b) the satellites are related to the two- 
hop F2-reflections. Fig. 6(b) illustrates the 
large lateral deviation sometimes encountered 

Despite the many assumptions made here, 
the correlation between the orientation of 
oblique-incidence and normal-incidence reflect- 
ing surfaces was sufficiently good to establish 
that the irregularities have a lateral extent of at 
least several hundred kilometres 

Rotating-loop records for the night of 10-11 
July 1958 show satellite echoes occurring for 
several hours for both normal-incidence and 
oblique-incidence equipments. One divergent 
satellite on the normal-incidence record was 
suitable for a calculation of the approximate 
speed of movement perpendicular to the frontal 
irregularity. This was deduced from the rate 
of change of range (cf. Ref. 1), and gave a speed 
of 90 km/hr in the direction 310 For the 
plot which followed, the ionospheric irregulari- 
ties were imagined to remain stationary while 
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FURTHER STUDIES OF “SPREAD-F” 


Armidale 


Projection onto 


Fig. 6 
on 7 August 1958 


AT BRISBANE—I 


8 
® Brisbone 


vertical plone through AXC A 
Armidale 


(a) Plan position of reflecting surfaces causing resolved range-spreading at 21.20 
(b) Plan position of reflecting surfaces causing resolved range-spreading 


associated with the two-hop F, trace at 19.52 on 11 July 1958. 


the plotting positions of Armidale and Brisbane 


moved with the velocity of the configuration 
The previous calculation gave the component 
of velocity in the direction 310° but the true 
velocity was not known. Velocities were tried 
in several directions taking into account the 
component in the direction 310°. Positions and 
orientations of reflection surfaces were then 
plotted in the manner of Fig. 6 from the appro- 
priate position of each station as it moves 
relative to the frontal configuration. For most 
directions the distribution of reflection surfaces 
was random, but as the direction approached 
that of 010° some order came into their 
positions and orientations. Fig. 7 shows a plan 
of the surfaces when a velocity of 010°, 175 
km/hr is used. It indicates a series of fronts, 
of considerable lateral extent, with a spacing 
between them of the order of 100 km 

An azimuth reading on a normal-incidence 
record indicates the vertical plane perpendicu- 


lar to the front. Fig. 8(a) shows the distribu- 
tion of these perpendiculars (twenty cases) for 
resolved range-spreading as from 3 August 
1958, when the sensing device was installed. 
Virtually all are within the semi-circle from 
240° through 360° to 060 Farlier results 
have a 180° ambiguity. Fig. 8(b) shows a plot 
of all readings (seventy-nine cases) assuming 
none to lie between 060° and 240°. 95 per cent 
of satellites used in this distribution are of the 
divergent type so that nearly all indicate the 
apparent direction of travel of the fronts. Fig. 
19 of Ref. (1) is a plot of component velocities 
perpendicular to the fronts and here it is found 
that most of the points lie in the NW quadrant. 
Fig. 8, therefore, appears to be consistent with 
this previous investigation. 


(ii) Unresolved range-spreading. This type 
of spreading was classified as unresolved 
because of its appearance on ionograms. It 
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Fig. 7. Plan position of reflecting surfaces of iono- 
spheric disturbance on night of 10-11 July 1958. 


was pointed out’ that a swept-gain record 
gives better resolution than a fixed-gain record. 
other things being equal. The rotating-loop 
normal-incidence record, with its fast swept- 
gain (period 2:5 sec), showed resolution of 


000 frue) 


Fig. 8. Azimuths-of-arrival of signals for resolved 
range spreading ; (a) Sensing in operation; (b) 
180° ambiguity in direction. 
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nearly all “Spread-F” echoes, even when they 
appeared as unresolved on the routine iono- 
grams. Fig. %a(i)) shows an example of this 
type of recording, compared with a swept-gain 
record at 2:28 Mc/s, Fig. %a(ii)), taken at the 
same time but having a swept-gain period of | 
min. The relevant ionogram is also shown 
Another important feature of this type of 
spreading, as recorded by the rotating-loop 
system, is the appearance of nulls on practically 
every occasion. Fig. 4(c) illustrates these nulls 
Sometimes as many as ten satellite traces can 
be seen at the one time. These records suggest 
frontal irregularities similar to that illustrated 
in Fig. 7, but having a closer spacing 

Estimates have been made of the frontal 
spacings using the range separation of the 
satellite traces for the period 25 July 1958 to 
26 August 1958 inclusive. The distribution is 
shown in Fig. 10, and reveals that, at least for 
the period investigated, the most frequently 
occurring frontal separation is 35 km. Fig 
11(b) shows a structure with frontal separation 
of 25 km, using information derived from a 
normal-incidence record. 

A similar multiplicity of fronts is sometimes 
exhibited in resolved range-spreading. Thus 
Fig. 4(b) illustrates a configuration with three 
satellite traces with frontal spacings of approxi- 
mately 80 km. Fig. 5(c) shows an example of 
oblique-incidence rotating-loop recording where 
several satellite traces are recorded at the same 
time. Fig. 11(a) is a plot using this record and 
the normal-incidence record showing a frontal 
separation of 40 km. 

The distribution of vertical plane perpen- 


40 


Fig. 10. Distribution of frontal separations for 
unresolved range-spreading irregularities for th 
period 25 July 1958 to 26 August 1958. 
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(a) Plan position of reflecting surfaces at 21.00 on 8 July 1958; (b) Plan position of 


reflecting surfaces causing unresolved range-spreading at 20.00 on 27 July 1958. 


diculars to the fronts for unresolved range- 
spreading is shown in Fig. 12. 
vith the distribution found for resolved range- 
spreading shows a shift towards the north. 


Resolved frequency-spreading. 
lirection-of-arrival records at 2:28 Mc/s‘ 
vas possible to find elevations and bearings for 


Fig. 12. Azimuths-of-arrival of signals for 
resolved range-spreading ; (a) Sensing in operation; 


(b) 180° ambiguity in direction. 


certain satellite traces classified as resolved 
frequency-spreading. This was possible only 
when the group retardation at this frequency 
separated the satellite trace adequately from the 
main trace. The average elevation for the ten 
cases found was 87°. The azimuths are shown 
plotted in Fig. 13. 


200 — “60 


Fig. 13. Azimuths-of-arrival of signals for resolved 
frequency-spreading. 
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(iv) Unresolved frequency-spreading. Occa- 
sionally, especially in the early morning, the 
f,F2 value fell to a sufficiently low value to 
permit unresolved frequency-spreading (identi- 
fied by reference to ionograms), to be observed 
on the rotating-loop records, both normal- 
incidence and oblique-incidence. Here again, 
there is evidence of resolved traces and, on the 
normal-incidence records, nulls indicate that 
the signals come from a definite direction (Fig 
14b). Fig. 14(c) shows an oblique-incidence 
record where the azimuth-of-arrival of the 
satellite O-ray echo swings from the direction 
of Armidale to about 20° west of this as 
between the five satellite traces present. Such 
records suggest irregularities very similar to 
those found for range-spreading 

Fig. 14(d) illustrates a record showing com- 
plex spreading. The rotating-loop record can 
be divided into three parts. With increasing 
range there is first the main x-ray with very 
little frequency-spreading:; secondly, the main 
O-ray with considerable unresolved frequency- 
spreading from the direction 315°; and thirdly, 
from a greater range, and showing pronounced 
directional effect, range-spreading echoes from 
355 


(b) Vertical section of irregularities 

(i) Resolved range-spreading. Fig. 15(a) 
illustrates a good example of a satellite trace 
on a A’t record, the irregularity being overhead 
at 21.30 hr on 30 June 1958. Fig. 15(c) shows 
(on a different scale) a series of divergent 
Satellite traces, observed over a period of about 
2 hr. The speed of movement perpendicular to 
the irregularity front, indicated on Fig. 15(a), 
was calculated by a method described in Ref. 
(1). (N,A) profiles were determined at 10-min 
intervals from ionograms'”’ for a period before 
and after the zenithal passage of the irregularity 
If the frontal orientation and the direction of 
movement is as indicated in Fig. 16(a), these 
profiles will represent (N,/) curves at points 
A, B, C, D, E assuming that the reflected ray 
does not depart from the vertical at these 
points. Assuming the irregularity to have a 
frontal character it follows that points F, G, H, 


I have the same (N, /) profiles as points B, C, 
D, E, respectively. Fig. 16(b) shows vertical 
sections, through A/, of the surfaces of equal 
ionization density, compiled from (N,h) pro- 
files, and the measured speed perpendicular to 
the front. The irregularity appears as a ripple 
in each ionization contour, the ripple being 
progressively displaced horizontally with in- 
creasing height. The straight lines—‘slope- 
lines”—joining corresponding points on 
successive contours make an angle of approxi- 
mately 25° with the vertical. We shall term 
this angle the slope of the irregularity. The 
diagram in Fig. 16(c) illustrates that, if the 
geomagnetic field direction is projected on to 
a vertical plane, perpendicular to the frontal 
orientation, the slope of this line is approxi- 
mately the same as the slope of the irregularity. 
In Fig. 16(b) it is interesting to note that a 


small patch of E, was found in the region 
defined by producing the slope-lines down to 
the 100 km level (assuming the whole iono- 
sphere moved as a body) 


The contour shapes developed in this way 
must only be approximations as no allowance 
has been made for reflection away from the 
normal and distortion of the normal-incidence 
ray-paths caused by the kinking of the con- 
tours. Nevertheless the position of the trough 
and crest in each ionization contour can be 
considered a good approximation as, at these 
positions, the contours are close to the horizon- 
tal. A further complication is the possibility 
that, if different frequencies are reflected with 
different elevations, the /’f curve becomes un- 
suitable for analysis by the Schmerling 
method If the contours of Fig. 16(b) are 
assumed to be correct ones and at a particular 
time perpendiculars are drawn on to each 
ionization contour the resulting virtual ranges 
will not be significantly different from those 
arising from the points plotted vertically at this 
time. It has therefore been assumed that, for 
relatively shallow ripples of the type illustrated 
by Fig. 16(b), the method gives a reasonable 
estimation of the shape of the cross-section of 
the irregularity. 

One of the few converging satellites was 
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| Plasma freq., Mc/s \ 


Sporadic patch 


2130 2200 


Fig. 16. (a) Illustrated movement of frontal irregularity relative to recording 
station at A. (b) Variation of contours of equal ionization at the irregularity 
causing a divergent satellite trace on 30 June 1958. (c) Illustrated projection 
of geo magnetic field direction on to vertical plane perpendicular to frontal 
orientation of irregularity in (b) 


found suitable for a determination of speed and (N,h) curve analysis was carried out for 
irregularity cross-section by the same methods altogether thirty cases of resolved range- 
used for the diverging satellite on 30 June 1958 spreading. 
Fig. 17 illustrates a somewhat similar irregu- 
larity for this aspect of the phenomenon, and 
indicates the reflecting surface esponsible for 


In all cases, the trough of the kink 
passed over the station prior to the crest. 


the satellite. Here the perpendicular to the io 

front is in the direction 325° and the Slope of a vw, on 
the irregularity is 22°. Whereas the converg- 
ing satellite merged with the main trace at 19.40 seed engi aa 
hr, the diverging satellite. produced by the an ae 
other face of the irregularity, was not resolved "Ie ge 


from the main trace until 21.00 hr 


km 


In only five other cases was all the necess ary 
information available for a similar procedure 20¢ F 
to be adopted. Fig. 18 shows a plot of slopes 
(with an estimation of the error in deriving 


them) against the directions perpendicular to 


the fronts. The continuous curve in the dia- 
gram shows the slopes which would be obtained 
by projecting the geomagnetic field direction 200¢ 2030 
on to a vertical plane drawn perpendicular to 
the front. The consistency between the experi- 
mental values and the curve may be significant 


Fig. 17. Variation of contours of equal ionization 


at the irregularity causing a convergent satellite 
trace on 9 August 1958 
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Fig. 18. Plot of irregularity frontal slopes against directions perpendicular to 
fronts Solid line represents slopes for projections of geomagnetic field 


direction on to vertical planes containing azimuths from 010 true to 250 true 


1° 


Fig. 19 illustrates the average f,F2 variation Fig. 20 depicts a comparison of a vertical 
(seventeen cases) for periods either side of the section of the irregularities, drawn through the 


zenithal position of the resolved range-spread- direction of motion, with the estimated plan 


ing irregularity. The dotted line indicates the position of the fronts depicted in Fig. 7. Fig 
average night-time fall in f,F2 in the absence 20 also shows, for this period, the variations of 
of irregularities. The difference is roughly a f,F2, f,E, and of the horizontal geomagnetic 
sine curve centred near the zero of time The _ field in the direction of the field. The estimated 
maximum departure is of the order of 0-05 velocity was 175 km/hr in the direction of 
Mc/s magnetic north, and the ionization density con- 


tours in the meridian plane are drawn to scale 


Fieht of the ten irregularities recorded have 


slopes lying close to the direction of the geo- 


al * magnetic field. This is consistent with the 
; *\ observations on Fig. 18. The positions of these 
X irregularities, determined from (N, /) curves, 
* ' are consistent with the fronts located by range 
. YN and direction observations The f,F2 value 
a NX tends to show a dip at the irregularity positions 
“ie An E, cloud is found to be related to one of 
$7 a the irregularities as in Fig. 16. The magnetic 
\ record shows substantial variations but these 
s¢ \ are not related in any simple way to the passage 


overhead of the ionospheric irregularities. 


(ii) Resolved  frequency-spreadine At 
— 21.30 on 17 December 1944 at Brisbane the 

ionogram showed a well-defined example of 
resolved frequency-spreading. This is illustra- 
ted in Fig. 15(b). Examination of the electron 


Fig. 19. Variation of average f,F2 value about over- 
head position of resolved range-spreading irregu- 
larities for seventeen cases 
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Geomagnetic variation 


N (true) 


Fig. 20. Variation of contours of equal ionziation density for the night 

10-11 July 1958 compared with plan position of irregularities from Fig. 7 

Variations of f,E,, foF2 and horizontal component of geomagnetic field 
are also shown 


density variation around this time, in the shift of the quasi-sinusoidal variation when 
manner described previously, reveals a rippling compared with the c responding variation for 
of the contours similar to that found for resolved range-spreading 


resolved range-spreading. The well-defined 
satellite trace occurrence appeared when the 
highest point of the contours was vertically 
above the station (Fig. 21). (This plot is not to 
scale as the velocity of movement is not 
known). Also illustrated is the f,F2 variation 
at this time. Similar results were obtained in 
the two other cases investigated 

[he variation of f,F2 around the time of 
occurrence has been determined for four cases, 
where the satellite trace is well defined on only 
one ionogram. The usual occurrence of the 
phenomenon shows the satellite traces appear- 
ing on a succession of ionograms. In the cases 
chosen the satellite trace results from an 
isolated front. simplifying the determination of 
reflection conditions. The average variation of 
f,F2 has the same form as that found for 


: . Fig. 21. Variation of contours of equal ionization 
resolved range-spreading. but the dip in f,F2 is 


: density at the irregularity causing resolved 
some seven times greater (Fig. 22). The centre frequency-spreading at 21.30 on 17 December 1944 
of the f,F2 variation, as plotted, shows a phase The f,F2 variation is also shown 


143 
| 
Foo. 
E 200}? = 4 co 
I90C 2100 2300 0100 
‘ 
km 
e 
2 
s 
E 


G. G. BOWMAN 


Fig. 22. Variation of average f,F2 value about overhead position 
of resolved frequency-spreading irregularities for four cases. 


(c) Other features of irregularities 

(i) Two-hop unresolved range-spreading. 
The fine-structure type of 
described as unresolved range-spreading. some- 
times occurs on the two-hop trace, with no sign 
of it on the one-hop trace. Fig. 14(a(i)) is an 
example of this on rotating-loop normal-inci- 


dence records and Fig. 14(a(ii)) an example at 


The null at normal-inci- 
dence indicates a definite azimuth-of-arrival for 
these Three-hop traces were not 
ecorded on the normal-incidence films, but at 
times, at oblique incidence, the spreading of the 
three-hop trace was more pronounced than that 
of the two-hop Fig 23 shows the result of an 


investigation of the percentage occurrence, for 


oblique-incidence. 


signals 


the hours recorded, of (a) one-hop spreading 
(whether it occurred on the two-hop or not), 
and (b) two-hop spreading with no occurrence 
on the one-hop. Fig. 23 indicates that, while 
the one-hop occurrence rate is falling, the two- 
hop rate first reaches a 
maximum and falls reaching zero some 15 days 
after one-hop 


occurrence rises, 


main echo at 
times the direction-of- 
arrival of the oblique-incidence main echo is 
observed to oscillate about the direction of 
Armidale. Fig. 24 shows an example, oscillat- 
ing with a period of about half an hour for 2) 


(ii) Direction-of-arrival of 


ob ique -incidence. At 


“Spread-F”, 


hr. It can be shown that the maximum 
divergence (15°) only requires a tilt of the 
ionization contours of about 8°. Such a slope 
would not be sufficient to produce detectable 
range-spreading, but Fig. 11(b) illustrates that, 
about half an hour previous to the commence- 
ment of oscillation, range-spreading fronts 
existed aligned roughly along the Brisbane 
Armidale direction. Twenty-one cases occurred 
on the directional records, where the oscillation 


Percentoge occurrence 


21-25 74 0444 


Augus’ September 
Fig. 23. Percentage occurrence for the time of 
recording, for (a) one-hop F2 unresolved range- 
spreading whether or not this spreading was 
(b) two-hop F2 
range-spreading with an absence of 
spreading on the one-hop F2 trace; (c) a com- 


bination of histograms (a) and (b). 


present on two-hop F2 trace ; 
unresolved 
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Fig. 24. Sample oscillation of the direction-of- 


arrival of the main F2 trace from a distant trans- 
mitter at Armidale. 


lasted for more than an hour, and the period 
was greater than half an hour. 

Figure 25 is a histogram showing the distri- 
bution of the main trace direction-of-arrival, 
during the period of recording, averaging over 


6-min intervals, plotted in units of 74°. There 
is a pronounced preference for westerly 
deviations. 
| 
800} | 
| 
600} 
3 
8 400 
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Fig. 25. Distribution of arrival directions for main 
F2 trace from a distant transmitter at Armidale. 


(iit) Enhanced reflection of satellite traces. 
Sometimes the signal strength of the satellite 
trace of resolved range-spreading becomes en- 
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hanced, usually at the time when its range in 
excess of that of the main trace is approxi- 
mately 50 km. Curve d of Fig. 13 of Ref. (1) 
shows the intensity variation for one of these 
traces and Fig. 9(b) shows a swept-gain record. 
Forty-two cases were observed for 30 nights in 
April, May and June 1955 when swept-gain 


records were available. These represent 
approximately one third of all satellites 
recorded. Direction-of-arrival records’, taken 


at the same time, gave the average elevation 
of these signals as 59°. The distribution of 
azimuths of these forty-two cases was very 
similar to that found when all satellites are 
considered (cf. Fig. 19 of Ref. (1) and Fig. 8 of 
this paper), 79 per cent of cases having their 
azimuth in the NW quadrant. 

If there is enhanced reflection for signals 
with a particular excess range, in the case of 
unresolved range-spreading, ionograms with 
spreading widths of this excess range should 
occur more often than expected, at the expense 
of smaller widths. Fig. 26(a) shows a histo- 
gram of spreading widths for 2185 ionograms 
during June and July 1952 at Brisbane. An 
interruption to the systematic fall with 
increased range width occurs at 50 km, where 
there is a slight increase in occurrence. Fig 
26(b) also shows a similar histogram from 
Townsville ionograms for this period. This 
indicates a similar effect at the 90 and 100 km 
position. lIonograms with E, present had to be 
discarded for the Townsville histogram due to 
confusion with the F + E, echoes at about 100 
km excess range. 998 ionograms were used. 


600 


(a) 


Occurrence 


(b) 


Fig. 26. Distribution of unresolved range-spreading widths for June 
and July 1952, (a) for Brisbane (dip. 57°); (b) for Townsville (dip. 47°). 
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(d) Statistics from ionograms 

(i) Introduction. The previous results of 
this paper appear to indicate that all four 
classes of spreading defined in Section | result 
from the same general type of irregularity 
structure, even though the dimension of the 
structures differ considerably. This allows a 
grouping of these classes for a determination of 
diurnal, seasonal and sunspot cycle variations 
of the phenomenon 

(ii) Diurnal variation. Range-spreading and 
frequency-spreading show very different diur- 
nal distributions. Fig. 27(a) and 27(b) show 
the results for Brisbane for the winter and 
summer months of 1952 compared with similar 
results for Townsville (lat. 19°3°S., long. 
146:7°E., magnetic dip 47°) and Hobart (lat. 
42-9°S., long. 147:2°E., magnetic dip 72°). The 
Townsville and Brisbane occurrences are com- 
parable but for Hobart there is a marked 
increase in spreading which alse extends into 
the daylight hours. Only 8 per cent of all 
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Fig. 27(a). Diurnal distributions: 
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spreading at Hobart is range-spreading where- 
as this figure is 61 per cent for Brisbane and 
64 per cent for Townsville. At Hobart only 5 
per cent of all spreading is resolved, while 27 
per cent is resolved at Brisbane and 38 per cent 
at Townsville. For range-spreading Fig. 27(a) 
shows the average /’F2 variation for the period 
concerned, while Fig. 27(b) shows the average 
f.F2 variation for frequency-spreading, plotted 
negatively The /’F2 values represent the 
lower boundaries of the F2-layer. 

For Brisbane and Townsville range-spread- 
ing has roughly a peak of occurrence at 
midnight falling to zero in the sunset and sun- 
rise periods. This simple distribution seems to 
be modulated by a tendency for increased 
occurrence at the higher values of /A’F2. 
Frequency-spreading has a peak just before 
sunrise, and seems to have some relationship 
with critical frequency (f,F2) 

As previous work by Singleton’ had 
shown that there is a strong inverse correlation 


a 
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Range-spreading at Hobart, Brisbane and 


Townsville for summer and winter, 1952, with average h’F2 variations. 
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Fig. 27(b). Frequency-spreading at Hobart, Brisbane and Townsville for summer and winter, 
1952, with average f,F2 variations plotted negatively. 


between f,F2 and frequency of occurrence of 
frequency-spreading, an endeavour has been 
made to detect any additional diurnal effect by 


taking results only for months in which the 
average (night) f,F2 fell between 3 and 4 Mc/s 
and considering only ionograms in which f,F2 
lay between 3:1 Mc/s to 3:5 Mc/s inclusive. 


Percentage occurrence 


Approximately 2000 such ionograms were ob- 
tained between June 1943 and August 1955. 
The results are shown in Fig. 27(d). The fre- 
quency-spreading distribution is considerably 
different from that of Fig. 27(b) revealing a 
second maximum. It is evident that there are 
pronounced diurnal changes in frequency of 
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Fig. 27(c). Range-spreading (Brisbane) for ionograms having approximately equal foF2 ; 
with average h’F2 variations. 
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Fig. 27(d). Frequency-spreading (Brisbane) for ionograms having approximately equal f,F2. 


occurrence apart from those associated with 
f,F2 changes. Fig. 27(c) shows the histogram 
for range-spreading from the same records 
compared with the average /’F2 for the months 
chosen. 


(iii) Seasonal variation. Fifteen years of 
ionograms have been analysed (1944 to 1958 
inclusive). The results for range-spreading and 


frequency-spreading combined are shown in 
Fig. 28. This was done because their separate 
distributions were not significantly different 
Curve A represents the distribution for years 
when the average sunspot number was less than 
100 while Curve B is the distribution for years 
when the average sunspot number was greater 


than 100. These curves show a maximum in 
winter, and a sub-maximum in summer, with 
minima around the equinoctial periods. It is 
interesting to note that the distributions are not 
symmetrical about the solstices and the equi- 
noxes, and the minima are displaced about a 
month from the equinoxes in the direction of 
the summer solstice. 


(iv) Sunspot-cycle variation. The sunspot 
cycle variation of “Spread-F” in half-yearly 
periods (range-spreading and frequency-spread- 
ing combined) is shown in Fig. 29. This 
indicates a decided inverse correlation with 
sunspot activity. However, peaks of spreading 
occurrence are slightly displaced from the 
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Fig. 28. Seasonal variation of “Spread-F”. Curve A represents years (9) when 
average sunspot number was less than 100. Curve B represents years (6) when 
average sunspot number was greater than 100. 
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Fig. 29. Sunspot cycle variation of “Spread-F”. Sunspot number variation 
shown plotted negatively. 


minima of sunspot occurrence. It should be 
noted that, although spreading on one-hop 
F-traces is almost exclusively a night-time 
phenomenon at Brisbane, the percentage 
occurrences for Fig. 28 and Fig. 29 refer to the 
full 24 hr. 


Acknowledgments—The author is indebted to Profes- 
sor H. C. Webster for his interest and guidance in this 
work and would like to acknowledge the generous 
help, at all times, from the academic and technical 
staffs of the Physics Department, particularly Dr. 
R. W. E. McNicol and Dr. J. A. Thomas who gave 
invaluable assistance. Thanks are also due to Mr. 
M. J. Burke, Mr. H. MacGregor, Mr. J. B. Mott and 
Mr. K. Perry for their contributions to the project. 
The cooperation of the University of New England 


Armidale, is gratefully acknowledged The lono- 
spheric Prediction Service kindly supplied the iono- 
grams used in this analysis. This work was financially 
supported by the Radio Research Board of C.S.LR.O 
Most of the work was carried out while the author 
was the holder of a C.S.LR.O. Studentship 


REFERENCES 
R. W. E. McNicor, H. C. Wesster and G. G. 
BowMan, Aust. J. Phys. 9, 247 (1956) 
D. G. SINGLETON, Aust. J. Phys. 10, 60 (1957). 
W. Ross, J. Instn. Elect. Engrs. 94, (part 3), 99 
(1947) 
J. A. THomas and R. W. E. MCNICOL., Proc 
Instn. Elect. Eners. 102B, 793 (1955) 
E. R. SCHMERLING, J. Atmos. Terr. Phys 
(1958). 


12, 8 


149 
! 
| 
30 
100 
| 
10} |200 
| 
l. 
2. 
3, 
4. 


Pergamon Press 1960. Vol. 2, pp. 150-156. Printed in Great Britain 


FURTHER STUDIES OF “SPREAD-F” AT BRISBANE-II 
‘TERPRETATION 


G. G. BOWMAN 
rent, University of Queensland, Brisbane 


r 1959) 


Abstract—The experimental results for the phenomenon, revealed from the analysis presented 
in Part er. are is deduced th Spread-} Its from a ripple 
op ed 


ead-F 


1. INTRODUCTION Part I is contained in Table |! 
This paper consists of a discussion of experi- The various types of “Spread-F”, classified 
mental evidence which is presented in the in Part I, are discussed in turn, with models of 
preceding paper (herein referred to as Part I) ionization contours. which are proposed to 


\ summary of the results of analysis from explain the observed aspects of the phenomena 
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2. DISCUSSION 

(a) Resolved range-spreading 
The present observations (consistently with 
those reported by McNicol et al.’'') indicate that 
this phenomenon is associated with a front or 
fronts having a linear extent of the order of 
1000 km, and where several fronts are present, 
the spacing between them is of the order of 100 
km. Vertical sections, perpendicular to the 
front. show a kinking of the contours of equal 
ionization density, corresponding points of the 
kink being progressively displaced with increas- 
ing height (Fig. 16 of Part I). The lines 
joining corresponding points of the successive 
kinks, appear to be parallel to the projection 
of the geomagnetic field direction on the 
vertical plane perpendicular to the front. The 
effect of the kinking is to produce approxi- 
mately parallel ionization contours at an angle 


to the horizontal. Fig. 19 of Ref. (1) shows 


that the fronts with normals lying in the NW 
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SE quadrants (i.c., the majority of cases) 
appear to travel in directions between N and 
W. This suggests that in these cases the crest 
lies, on the average to the SE of the 
and reflection leading to a satellite 
visualized as occurring as illustrated 
I(a) 

The fact that the rotating-loop records 
showed only a few cases of the front approach- 
ing the station rather than receding, is well 
explained if it is assumed that all irregularities 
in question were of the character illustrated in 
Fig. 1(a), for this would reflect only after the 
irregularity had passed over the station. The 
marked preference for the main trace from 
Armidale to wander towards the west rather 
than the east (Fig. 25 of Part I) is also 
explained by a kinking of this kind in the 
contours, for during the period of 
the rotating-loop observations nearly all fronts 
recorded had their normals in the NW quad- 


trough 
trace is 
in Fig 


nization 


Fig. 1 


resolved range-spreading irregularity. 


ionization distribution 


at unresolved 


(a) Model of ionization distribution at a 


(b) Model of 
range- 


spreading irregularities. 
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rant (Fig. 8 of Part 1). Background height 
changes of the layer will increase an upward 
tilt in the ionization contours when the layer is 
rising, and accentuate a downward tilt when 
the layer is falling. This will explain the 
occurrence of diverging satellites when the 
layer is rising and converging satellites when 
the layer is falling (cf. Fig. 25 of Ref. (1)). The 
number of divergent satellites exceeds those of 
the convergent type (Fig. 23 of Ref. (1)) 
because the background height change has to 
be much greater to produce a convergent type 
than that required for a divergent type, for any 
irregularity similar in shape to the one illustra- 
ted in Fig. l(a). Occasionally the downward 
slope will be pronounced enough to record the 
few convergent type satellites (Fig. 17 of Part 
1) observed during the period of recording by 
the rotating-loops (a period when the height of 
the layer is generally rising) 


In Fig. l(a) ray-paths are drawn for the 
o-ray (for a frequency close to f,F2) in a model 
ionization distribution assuming the perpen- 
dicular to the front to lie in the magnetic 
meridian. The diagram illustrates that reflec- 
tion is possible at vertical angles of 25° and 
39°, at positions where the changing orienta- 
tions of the ionization contours is such that 
only a narrow beam will be reflected. In the 
interval between the occurrence of these two 
reflection conditions, the position of the frontal 
irregularity moves approximately 100 km. At 
some point between these positions the reflec- 
tion conditions encountered would be very 
similar to those for vertical incidence, and a 
much stronger signal can be expected than that 
at 25° or 39° vertical angle. A stronger signal 
at this point could possibly explain the en- 
hanced signals reported in Section 3(c) of 
Part I. 


From a study of the (N, A) curves, taken in 
conjunction with the f,F2 values, it seems 
possible that the kinking arises from the dis- 
placement of ions and electrons along the lines 
of magnetic force, leading to a rarefaction in 
the trough region, and a concentration in the 
crest region at the positions of maximum 
ionization. 
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The movement of the configuration need not 
necessarily be perpendicular to the front (cf. 
Fig. 7 of Part 1). In some cases, at least, the 
configuration is extremely stable over a period 
of some hours, as suggested in Ref. (1). 


(b) Unresolved range-spreading 

This type of spreading is associated with 
fronts of a similar nature to those responsible 
for resolved range-spreading. Frontal spacings 
range from 20 to 60 km having a peak of 
occurrence at 35 km (Fig. 10 of Part I). The 
distribution of normals is somewhat similar to 
that for resolved range-spreading, but is shifted 
towards the north. Fig. 1(b) illus- 
trates the suggested vertical section contours 
and o-ray reflection paths for this phenomenon, 
using another model of ionization distribution 
The illustrated cross-section lies in the plane 
containing the magnetic meridian. Here the 
drawn ray-paths originate at the one point on 
the ground. 


some 30 


In general, the movement of the configura- 
tion will not be perpendicular to the front, so 
that as the pattern moves with respect to the 
recording station, the reflecting point, on each 
front, will move along the line of the front as 
well as around the curvature of the vertical 
section of the front. Any irregularities 
encountered in the vertical sections or the 
frontal curvatures will cause fading and may 
possibly account for the diffuse nature of the 
trace when integrated over periods of a minute 
or more (Fig. 9a, ii of Part I). 

The pulse width on the rotating-loop records 
corresponds to approximately 10 km. Slant 
reflections with 260 km range, when the height 
of the reflection is 250 km, will come from a 
region displaced approximately 16° from the 
zenith. Irregularities causing tilts of less than 
16° will therefore not give satellites on the one- 
hop trace, but may possibly do so on the 
two-hop in the manner illustrated in Fig. 2. 
During the sunspot maximum period, between 
the winter solstice and the equinox, one-hop 
spreading occurrence falls to nearly zero (Fig. 
28 of Part I). If the average ripple amplitude 
were to gradually diminish between the winter 
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solstice and the equinox we should expect the 
frequency of occurrence of one-hop spreading 
to fall to zero before the frequency of occur- 
rence of two-hop spreading. At an intermedi- 
ate stage, the occurrence of two-hop spreading 
might well show a maximum, as depicted in 
Fig. 23 of Part I. (The possibility of the two- 
hop spreading being due to ground scattering 
appears to be ruled out by the resolution of 
satellite traces, and the presence of nulls, on 
rotating-loop records). It will be noted that 
the structures envisaged by Baird’ to explain 
high-multiple reflections are generally similar 
to those suggested here, save that the ratio of 
amplitude to “wavelength” is much less. 
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Fig. 2. (a) lonization distribution with ripple 


amplitude sufficiently large to give one-hop spread- 

ing. (b) Ripple amplitude much smaller than that 

Reflection paths for two-hop spreading 
illustrated. 


in (a) 


streneth sometimes occurs 
at about SO km excess of 
Brisbane, and 90 


Townsville (Fig. 26 


Enhanced echo 
for this phenomenon 
vertical-incidence range at 
100 km excess range at 
f Part I). These distances are approximately 
the excess the F2-layer, along the 


magnetic field 


ranges to 


earth’s 


lines of force of the 


Since the reflected signals, at least for Brisbane, 
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have azimuths of reflection reasonably close to 
magnetic north (Fig. 12 of Part 1), it suggests 
that the geomagnetic field orientation is, in 
some way, responsible for contours which 
sometimes give enhanced echoes for signals 
having the same direction as the geomagnetic 
field. 


(c) Resolved frequency-spreadine 

The distribution of reflection azimuths in 
the NW and SE quadrants for this type of 
spreading is consistent with the irregularity 
being frontal in character, the frontal orienta- 
tions being similar to those for resolved range- 
spreading. Assuming the observable movement 
to be NW, the number of points in the SE 
quadrant suggest that satellite traces will be 
recorded as the irregularity approaches the 
Station. An approximately equal number of 
points is located in the NW quadrant repre- 
senting satellite recorded the 
irregularity moves away. Since the measured 
elevations-of-arrival of the satellite echoes (at 
2:28 Mc/s) were around 87°, these echoes must 
come from parts of the ionosphere close to the 
zenith. The vertical sections of the irregulari- 
ties associated with this phenomenon are 
essentially similar to those for resolved range- 
spreading, the satellite echo being most 
pronounced when the recording 
immediately under the crest of the irregularity 
The variation of f,F2 about the irregularity 
position is the same nature as that for resolved 


traces 


Station 1s 


range-spreading (Fig. 22 of Part I), except that 
departure from the normal is much greater, 
Also, for 


being of the order of 0:5 Mc/s 
frequency-spreading, the drop in f,F2 between 


points say one hour either side of the central 
plotting position is twice as great as the drop 
over the similar period for range-spreadin; 


In Fig 


g 
3 ray-paths have been plotted for a 


fixed frequency (neat the 
o-ray in the presence of the geomagnetic field 
lonisation contours similar to those shown in 


Fig. 21 of Part I were used for a model and 
the f,F2 variation was made approximately the 
same as indicated in 


to the front lies in the magnetic meridian plane 


this fig ire The normal] 


. 
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Two forms of the irregularity are considered. 
In Fig. 3(b) the curvature at the crest of the 
irregularity is pronounced, the radius of curva- 
ture being somewhat less than the height of 
the base of the layer. In this case results show 
that only one ray-path will be returned to the 
sender by reflections in the vicinity of the crest 
In Fig. 3(a) the radius of curvature is made 
greater than the height of the base of the layer 
Here there are two ray-paths, reflected from 
points about 80 km apart near the crest of the 
irregularity, which return to the sender. The 


Fig. 3. (a) Model of 
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ray-paths on each diagram of Fig. 3 meet at 
the ground 

This suggests that resolved frequency-spread- 
ing occurs when the curvature of the crest of 
the ripple is small enough to allow two 
reflecting paths near the zenith, plus the added 
condition that the difference between the f,F2 
values. at the two reflection points, is 
sufficiently large for the two traces to be 


distinguishable from each other on an iono- 
gram On 
range-spreading 


the other hand, with a larger 


curvature becomes possible 


ionization distribution for 


resolved frequency-spreading with ray-paths for 


0-ray 


Contours in plane of magnetic meridian 


(b) Similar model to (a) with much greater curva- 
ture in ionization contours. (c) Model of ionization 


distribution for unresolved frequency-spreading 
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(cf. Fig. la). This would explain the com- 
plementary character of the diurnal distribution 
of range-spreading and frequency-spreading 
(Fig. 27 of Part I). The difference of approxi- 
mately 15 min between the centre of the 
characteristic f,F2 variations, as between 
resolved range-spreading and resolved frequen- 
cy-spreading, is consistent with the upward 
slope of the ionization contours being respon- 
sible for range-satellites and the crest of the 
contours (which follows the upward slope) 
being responsible for frequency-satellites. 


(| 
By taking the integral ds (an approximate 


expression for group path) along the two 
ray-paths of Fig. 3(a), which are returned to 
the sender, the virtual range (for a 6 Mc/s 
signal) for the path in the region where f,F2 
is 6-2 Mc/s was found to be 435 km, while a 
virtual range of 396 km was calculated for the 
path where f,F2 is 6°7 Mc/s. These calculations 
are consistent with the observed features of 
resolved frequency-spreading 


(d) Unresolved frequency-spreading 

On the few examples of this type of “Spread- 
F” recorded by the rotating-loop 
show resolution of 


system, 
with a 
specific direction-of-arrival the 
records looking very similar to those of unre- 
However, here the 
spacing between traces represents a change in 


traces 


records 
indicated, 
solved range-spreading 
group-retardation of the signal, whereas for un- 
resolved range-spreading the spacing represents, 
in most cases, solely a change of range for the 
reflected signal 

Figure 3(c) illustrates the possible reflection 
paths for the o-ray for this phenomenon, 
assuming ripples of small amplitudes, having 
frontal spacings of 30 km and a f,F2 gradient 
across the ripple structure. Again the cross- 
section lies in the plane of the magnetic 
meridian. As mentioned in Section 2(b), for a 
base height of layer of 250 km, echoes with a 
zenith angle of arrival of less than 16° will not 
appear as range-spreading. There is a circle of 
diameter 143 km from within which the excess 
range of a satellite signal cannot easily be 


detected. Fig. 3(c) shows that within this circle, 
for the model chosen, five reflection paths 
return to the sender. The values of the integral 


a‘ ds for the ray-paths marked a, b, c, d and 


e were found to be 402, 405, 420, 417 and 424 
km, respectively. Also, the f,F2 value changes 
from 6:8 Mc/s to 6:3 Mc/s between the outside 
members of this group of ray-paths. These 
calculations are consistent with the observed 
features of unresolved frequency-spreading. 


(e) General 


Bramley and Ross found rapidly changing 
lateral deviations, with quasi-periods of the 
order of seconds, for the direction-of-arrival 
of main echoes originating from a distant trans- 
mitter. If these occurred during the present 
investigation they could not be followed with 
the recording equipment used. In addition, 
Bramley and Ross reported a slowly varying 
component of deviation with quasi-periods up 
to half an hour or more. These have been 
detected by the Armidale-Brisbane experiment 
(Fig. 24 of Part 1) 
recorded echoes additional to the main trace, 
and these have been termed traces 
These show lateral deviations through angles as 


This investigation has also 
satellite 
large as 90 [he experimental analysis of this 
investigation suggests a rippling of the ioniza- 
tion contours of the F2-region. This is in line 
with the wrinkled ionosphere proposed by 
Bramley and Ross to explain their tilts. The 
the direction-of-arrival 

main trace can be followed 
structure particularly when the linear aspect of 
the structure is the transmis- 
sion path and the ripple amplitude is small. At 


oscillation of 
icTOSS th 


oriented along 


mid-latitudes, at normal-incidence, resolved 
satellite traces have a peak of occurrence” 
appears to from large 
ripples with amplitudes large enough to give 
the satellite traces recorded at Brisbane from a 
transmitter 355 km away. 

Even though the diurnal-variation 
erams (percentage occurrence independent of 
{ F2 variation) represent spreading occurring 
when the f,F2 value lies between 3-1 and 3-5 


and 


this originate scale 


histo- 


| 
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Mc/s, it may be assumed that similar distribu- 
tions will result at other frequencies. If these 
histograms (range-spreading and frequency- 
spreading) are combined (Fig. 4), the resulting 
histogram suggests that ripples responsible for 
“Spread-F” are present all the time, sometimes 
being responsible for range-spreading records 
and at other times for frequency-spreading 
records. If the ripple amplitude is very low no 
“Spread-F” records will result. Frequency- 
spreading would be seen when the amplitude 
of the ripple was relatively shallow and the 
f,F2 variation gradient was appreciable. 


observations contained here, are the hydromag- 
netic-resonance wave theory” or the electron- 
resonance wave theory’ of Hines, or the 
cellular wave theory of Martyn'’’. The variation 
of the disturbance slope with frontal orientation 
is approximately that expected from Martyn’s 
theory. Movement of the irregularity structure 
in a direction other than perpendicular to the 
frontal orientation (Fig. 7 of Part 1) may be an 
obstacle for the theories of Hines. A complete 
theory would also need to explain the presence 
of E,-clouds along the line of slope of the kinks 
extended to the 100 km level. 


80} 
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0400 


Fig. 4. A combination of diurnal distributions for 


range-spreading and frequency-spreading indepen- 
dent of f,F2-factor. (Fig. 27 (c), (d) of Part 1). 


If we postulate that, for Brisbane, the ripple 
amplitude increases with an increase in the 
height of the layer, both conditions for 
frequency-spreading are satisfied around the 
sunset and sunrise periods when the phenome- 
non has peaks of occurrence (Fig. 27(d) of Part 
1). Here A’F2 is usually a minimum and 
df, F2 dt a maximum. When the occurrence of 
range-spreading 1s compared with the average 
h’F2 variation (Fig. 27(c) of Part I), it also 
seems likely that the ripple amplitude will be 
more pronounced at greater heights. Fig 
15(c) of Part 1 appears to support this hypo- 
thesis 
(f) Origin of ripples 

Theories which could possibly account for the 
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Abstract 
resonance scattering by N, 


Although the N, 


First Negative bands in twilight are probably the result of 
ions, the symmetry of morning and evening observations make it 


unlikely that the ionization is produced by sunlight in the E-region. If the flux in the He II A304 


line is as high as 15 erg cm~? sec 


accounted for, and the nitrogen ionization is localized in the F-region 


'. the observed First Negative system intensities can be 


If the flux in the A304 


line is much smaller, the ionization must be produced by incident charged particles in the 


E-region. 


1. INTRODUCTION 


Slipher''’ first reported a twilight enhance- 


ment of the airglow, the First Negative bands 
of N? 


—> X*X*. Later observations 
were made by Elvey’”. Some 8 or 9 bands 
may be recorded photographically, and Dufay” 
has estimated the relative intensities of A3914 
(0-0), A3884 (1-1), 44278 (0-1) and A4737 (1-2). 
That the intensity of the emission was actually 
variable from night to night was demonstrated 
by J. and M. Dufay*’. They found a correla- 
tion of the enhancement with magnetic activity 
and with the occurrence of aurorae far to their 
north in the auroral zone. 

Bates *’ has shown that the excitation process 
for twilight emission is the Wulf-Deming'* 
mechanism of resonance scattering, 


14 


Measurement of the intensities of scattered 
light can give important information on the N?; 
ionic densities in the upper atmosphere and 
provides a technique of ionospheric analysis 
that has so far hardly been initiated. An 


* The research reported in this paper was supported 
in part by the Geophysics Research Directorate of 
the Air Force Cambridge Research Center, Air 
Research and Development Command, under Contract 
AF 19(604)-3044 with the University of Chicago. 
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accurate photometric study of the emission in 
the First Negative system has not yet been 
performed; the rough intensity estimates that 
can be made are discussed in Section 2. In the 
following pages we discuss possible mechanisms 
for producing the ionized nitrogen required for 
reaction (1). 


2. OBSERVATIONAL RESULTS 
In resonance scattering the photon intensity 
/ (un), leaving the scattering layer in direction 
4 («=cos 4) measured from the normal to the 
layer, may be written 


4zu (u)=2.4 (2) 


Here,.\ (z,) is the effective number of fully 
illuminated N* molecules above z,, the height 
of the solid-earth shadow in the direction of 
observation, and ¢g is the number of photons 
scattered per second by a fully illuminated ion, 
which is a quantity depending on the solar flux 
and the f-value’’’. The quantity g depends on 
whether the N} ions in the X*2* state are in 
vibrational equilibrium with the kinetic tem- 
perature. If the gas is excited by a large flux at 
extremely low pressures, a molecule may 
remain in the ground electronic state for a time 
short compared with the time between 
vibrational collisions. In this case the higher 
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vibrational levels could become appreciably 
populated. However, we shall take essentially 
all the as being in X°S*, v”=0; then 
computation, modified with Shull’s’ 
improved f-value, gives for the 0-0 band, 
A3914, g=0-20 photon ' ion 

Some rough estimates of the A3914 twilight 
intensities have been made by Bates”: * from 
qualitative results of Dufay and Dufay’. Bates 
gives the estimated intensities along the direc- 
tion of observation (zenith angle 0) for an 
apparent height z,. If the decay of the twilight- 
glow is governed by ionizing radiation in the 
far ultraviolet, with a very large screening 
height, z, is no longer a convenient independent 
variable. Therefore, we have translated these 
heights to an observer's angle of solar 
depression, 2 (see Fig. 1), by means of the 


Sereened shodow 


~~. Solid earth 
shodow 


Fig. 1. Geometry of the problem. 


expression, valid for observations in the vertical 
plane through the sun, 


sin — 2)} 


[sin 


a 2 


(3) 
cos” 2) 

where a is the Earth’s radius. With observa- 
tions at (=70° and (=80°, Bates’ estimates 
in rayleighs are that 4~./ is normally less than 
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100 R for z,= 100 km (z= 13°), and always less 
than 10 R for z,= 200 km (z= 20°). [A rayleigh, 
R, is equivalent to 10° photons cm * (column) 
sec '.] In referring these intensities to the 
zenith, they should be diminished by a factor 
of about 3, depending somewhat on the true 
emission altitude 

However, these upper limits appear to be too 
small. Swings and Nicolet’’’ found Na and 
N* twilight emissions to be of comparable 
intensity under quiet magnetic conditions on a 
panchromatic plate in winter, when the zenith 
Na emission is usually several kilorayleighs. 
Also, an emission of 10 R is very weak; the 
upper limit imposed by a failure to record the 
twilight flash at z, => 200 km is probably higher 
than this value. Estimated emission rates for 
(3914 and the corresponding N* abundances 
may be found in the third and fourth columns 
of Table 2, which were estimated from measure- 
ments near the horizon, but referred to the 
zenith and corrected for tropospheric extinc- 
tion. During times of disturbed magnetic 
activity the intensity increases, and it appears 
that then the zenith emission may exceed | kR 
for rather low values of z, (< 100 km). 
Normally the emission is probably within an 
order of magnitude of the values in Table 2. 


3. THE POSSIBILITY THAT N_* IS PRODUCED 
PRIMARILY IN THE £-REGION BY 
SUNLIGHT 

M. Dufay” found that the N? bands were 
rarely detectable when the solid-earth shadow 
was at a height z 90 km or at z, > 125 km 
The lower limit may have no significance inso- 
far as emission height is concerned, because for 
low values of z,, the strong solar continuum 
completely obscures the emission. Swings and 
Nicolet could detect A3914 at much lower 
apparent heights. The higher altitude (125 km) 
is probably indicative of a true decrease in the 
N* ion density. 

The true height of emission, z,, is not so 
readily obtained. Dufay was not able to make 
a precise estimate of the screening height, 
although a value of 20 km, which would be 
expected for violet light, did not seem incon- 
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sistent with his rough comparison of zenith and 
horizon intensities. 

But if we interpret the observations as 
indicating the bulk of the N+ ions to be within 
one or two scale heights above a true height of 
115 km or so, a difficulty arises. Swings and 
Nicolet''’’ found that the intensity ratio of 
twilight/dawn emission is approximately unity. 
If the N> ions are produced by solar ultraviolet 
or X-radiation, which has a screening height 
enormously greater than 20 km, any N* ob- 
served in the morning (before the ionizing 
radiation reaches the E-region) must result from 
blue light scattered by Ni ions that have 
existed all night. 

Recombination of N?* ions will proceed 
rapidly through dissociative recombination’, 


Nt+e—> N*+N**, (4) 


where the nitrogen atoms may be in excited 


terms. For E-region temperatures the experi- 
ments of Bialecke and Dougal indicate a 
rate coefficient for reaction (4) of 2,..=7 x 10~-’ 


cm* sec The mean lifetime of Nt, when 
there is no longer any incident ionizing radia- 
TION, 1S Tree (Me Sree) If we take n, ~ 10° 
electrons cm~*, appropriate to early evening, 
we find +,,... ~ 2 min 

The conclusion is quite definite. The 
morning-evening symmetry cannot be ex- 
plained on the basis of ionization produced in 
the E-region by sunlight. We will see in 
Section 4.2 that all solar ultraviolet and X- 
radiation with incident fluxes even approaching 
that required to explain the observed nitrogen 
ionization are absorbed far above the E-layer 
in twilight. Thus it is necessary either that the 
emission actually arise from a much greater 
altitude, or that some source other than sunlight 
is responsible for the ionization. We discuss 
these possibilities in turn. 


4. THE POSSIBILITY THAT N.* IS PRODUCED 
PRIMARILY IN THE F-REGION BY 
SUNLIGHT 


We have seen that if the ionization is 
produced by sunlight, then N? will recombine 
in the evening within a few minutes after the 
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appearance of the true shadow in the ionizing 
wavelength. (With increasing altitude ,,. de- 


creases slightly because of the increasing 
temperature, but nm, increases, so that Treg 
remains small.) In this case the screening 


height is effectively that appropriate to the 
ionizing radiation. In the morning the N; 
emission that is observed will again depend on 
the height above which N,, is being ionized. The 
height of the blue shadow would then have 
nothing to do with the emitted intensity. To see 
whether the twilight airglow might arise in this 
way at very high altitudes, we have computed 
the overhead equilibrium abundance of N+ for 
a range of altitudes and for two times after 
sunset, corresponding to angles 2=13° and 
z=20°. 


4.1. Jonization equilibrium 
In ionization equilibrium, we have at altitude 


= #,T 2) dy 
(Z)n(N,* z)n.(z), (5) 


where m represents number densities, ¢ (N,) is 
the ionization cross-section of N., », is the 
threshold wavelength for N, ionization (A 795), 
= .#, is the solar flux outside the atmosphere 
in photons sec (unit frequency 
interval)‘, and T (z) is the transmission func- 
tion or fraction of the incident radiation that 
penetrates to height z; it is a function of the 
angle of solar depression as well. In the case 
of incident line emission, T and «_ (N,) may be 
removed from the integral, and {t.7, dv is 
simply the total line flux in photons cm~? sec~'. 
Equation (5) is to be solved for n(NZ\z); we 
discuss the adopted data in turn. 

For the solar radiation, we consider four 
principal sources, the ultraviolet continuum, 
the A 304 (He II) and A 584 (He I) line emis- 
sions, and soft X-rays. Longward of Ly 2 
(1215 A) the intensity of the ultraviolet con- 
tinuum approximates that of a black body at 
about 4200°K even if the equivalent tem- 
perature in the 100A region just shortward of 
A 795 is as high as 7000°K, as suggested by de 


— 2 


~ 
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Jager '*, its contribution will be less than that 
of the helium lines. For soft X-rays, recent 
interpretations of rocket observations indicate 
a total flux of approximately 0-1 erg cm~* sec 
centred about a maximum at 50A'" 
erhaps 0-02 erg cm~* sec~' is present short- 
ward of 30A, but the uncertainty in these 
results amounts to perhaps an order of 
magnitude 

For He I A 584 Rense''* derives from rocket 
observations a flux of about 3 10" photons 
cm~? sec For He I] A 304 Rense quotes 15 
erg cm™* sec (2= 10 photons cm 
sec~'). but Hintregger''* from similar observa- 
tions derives a flux for the same resonance line 
which is a factor of 10° less. Resolution of 
this discrepancy is of paramount importance to 
our problem; in the following we carry both 
values. The helium lines appear to dominate 
the solar spectrum between Ly 2 and the X-ray 
region '*’ and it is unlikely that any important 
electromagnetic emissions have been neglected 


Table. 1. High Intensity Solar Radiation and Absorption Coefficients Shortward of 795% 


Wavelength Flux 


Radiation (A) 


Ultravoilet continuum 
(T =7000°K) 650-750 ~ 2x 10° 


He I 584 ~ 3x 10° 


He Il 340 2x19" 
(Rense) 


2x 10° 


(Hintregger) 


X-rays 50 ~ 3x 108 
~ 6x10" 


Table | presents the incident radiation fluxes, 
along with N, ionization cross-sections and O 
absorption cross-sections from the compilations 
of Watanabe*" and Nicolet’ 

Values of 2... are obtained from the measure- 
ments of Bialecke and Dougal’'*’, extrapolated 
to low pressure according to their linear plot 
For temperatures above 300°K. the maximum 
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attained in their experiments, we have assumed 
a T dependence which is reasonably 
consistent with the temperature dependence of 
2... measured for 7<300°K. Between 300 and 
400 km, 2 3x 10-* cm® sec~' is probably a 
good average 

A model atmosphere was taken from 
Nicolet’**; it is based on the assumption of 
diffusion equilibrium of atmospheric constitu- 
ents above 110 km and conductive heat trans- 
port at high altitudes, fitted to an assumed 
temperature of 2250°K at 500 km. The model 
compares well with others based on satellite 
observations **: **’, but it should be emphasized 
that considerable uncertainties still remain 


For the n,.(z) distribution in early twilight, 
we have adopted data from the extensive tabu- 
lations of Thomas et al.'** below the peak of 
the F-region (about 250 km). Above this height 
we have extrapolated with the satellite 
data’** *”' scaled to fit at 250 km. The adopted 


(N_) r (O) h 


&x10-** ~ 4x10~-** ~ 150 


O, N, and electron distributions are shown in 
Fig. 2. 


4.2. Transmission function and geometry 

The useful concept of a screening height is 
equivalent to approximating the transmission 
function, T(z), by a step function; ie. we take 
T (z>z,)=1 and T (z<z,)=0, where z, is 


a 

a 

| 

1x10-1!7 1x10~-?? 370 
1x10-"" 1x10-?? 370 

to to 
4x10-"* 

8x 10-1" 350 

~ 1x10-18 ~ 3x 10-19 ~ 140 
| 


ORIGIN OF 


Number Density (particles /om’) 


Fig. 2. Adopted atmospheric model. 


the height of atmospheric illumination corres- 
ponding to a screening height h, (cf. Fig. 1). We 
have used used the concept of a sharp shadow, 
cast by an atmospheric screening layer, to make 
preliminary estimates of the ionization pro- 
duced by various solar radiations. However, 
in order not to underestimate this ionization 
production, we have evaluated h, as the height 
corresponding to 7, (z)=1/10 and listed the 
results in Table 1. 

For a ray that has its closest approach to the 
earth’s surface at altitude Ah, the transmission 
function is'** 


T (z)=exp[—o¢, (O) (6) 


provided that z is not approximately equal to h. 
Here a is the earth’s radius and « (O), n(h) and 
H (h) (scale height at height z=/) all apply to 
the absorbing substance, which is primarily 0 
fori > 150 km. We take n(h)=n(Oh) from 
Nicolet’s model’®*’ and H(h) from a linear 
interpolation in Nicolet’s model. Setting 
T (z)=1/10, we obtain the values of /, given 
in Table 1. It is clear that none of the listed 
radiations can penetrate to the E-layer. 

With the screening-height approximation, we 
would evaluate nm (N¢{\z) only for z > z,; for a 
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more precise calculation we have computed 
T (z) and evaluated the integral in equation (5) 
for a range of z. In either case, in order to use 
equation (6), it is necessary to relate the height 
z to the height of closest approach, h, for a 
given observation; this is accomplished by the 
following set of equations (see Fig. 1): 


sin 6 - sin , (7) 


(8) 
cos 8 : (9) 


For z=13°, equations (7) to (9) show that at 
z > 250 km, h is approximately equal to z. In 
this case the line of sight intersects the incident 
ray near the point of its closest approach to the 
earth (see Fig. 1) and Hunten’s'**’ formula for 
the transmission function must be modified as 
follows : 


T. (2) exp { (O)ant(h) 


B 
| exp [—a8’?/2H] }. 
| 


The upper limit of integration is here 8 rather 
than +% as in Hunten’s treatment. Separation 
into two integrals (one from — ~ to 0, the other 
from 0 to 8) and Taylor expansion of the second 
integrand yield, for 8 < 1, 


o .(O) n(h)+ 
+aB8n (h)) | 


T, (z)~exp | 
(10) 


4.3. Results 

With either equation (6) or equation (10), 
whichever is more appropriate, and equation 
(5S), the run of N? number density with altitude 
can be found. The results are plotted in Fig. 
3. Numerical integration of the number 
density with altitude gives the number of mole- 
cules in a square centimeter column; the 
theoretical and observational values are com- 
pared in Table 2. The range of parameters in 
the A 304 column is due to the uncertainty in 
the absorption cross-section of atomic oxygen 


“= 
Atormc Oxygen 
Motecuior 
\ Nitrogen 
~ 
Electrons (Twihght 
mf 
Altitude (km) 
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Table 2. 
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Observed and Computed A3914 Intensities (Referred to the Zenith) and Associated 


Number Densities N,* 


Observed* 


(ions / cm 
vertical (rayleighs) 


column) 


5x 10° 1000 


Computed 


X-ray ionization 
0-1 
2 sec- *) 


4mm 


ionization 
(7 4 15 

erg cm~? sec~*) 

(z,) 

2x 10° 
to 

4x 10° 


300 5 
to 
700 
60 
to 


100 


3x 10° 
to 
5x 10° 


*Estimated maximum values for quiet magnetic conditions 


at 304 A® If Rense’s A 304 flux of 15 erg 
cm~* sec’ is adopted, it is seen that the com- 
puted and observed airglow intensities agree 
reasonably well, in view of the uncertainty of 
many of the numerical values used. On the 
other hand, if Hintregger’s flux of 0-01 erg 
cm~* sec” is correct, we must conclude that 
solar electromagnetic radiation is incapable of 
producing the observed atmospheric N°; 
abundances. Table 2 also shows explicitly the 
inadequacy of solar X-rays in ionizing molecu- 
lar nitrogen. 

The day airglow may be estimated by a 
similar procedure. but with the simplification 
that in equation (5) the transmission function 
for an overhead sun is now given by T(z) 
exp[—o (O)n(z)H(z)]. Fig. 3 gives the 
resulting run of z). The total N; 
abundance, again if the 1304 flux is 15 erg cm~* 
sec~', is 3-6 10"' molecules cm~’, correspon- 
ding to a zenith emission rate of 4= ;=70 kR. 
In this case, the A3914 dayglow would be 
among the most intense in the visible region of 
the spectrum. On the other hand, if the (304 
flux is 0-01 erg cm~* sec™*, 50 R. This 
difference should be easily detectable, and it 
appears that a rocket observation of the (3914 
dayglow could distinguish between the two 
alternative A304 fluxes which have been pro- 
posed. The 43914 dayglow produced by X-ray 
ionization and resonance scattering has a zenith 
emission rate of about 700 R. 


Doygiow N 


Twilight Airgiow Densities (ion/cm") 


Airgiow 


Altitude (km) 


Fig. 3. Calculated N.* abundances. 


5. THE POSSIBILITY THAT N.* IS PRODUCED 
PRIMARILY IN THE F-REGION BY PARTICLE 
BOMBARDMENT 

In the case that the lower A 304 flux is the 
true one, we have seen that solar electromag- 
netic radiation cannot account for even the 
quiet-day N? twilight emission. And, as 
Bates* pointed out, the enhancement during 
magnetically active periods requires an 
additional source of ionization. Particle bom- 
bardment seems the most likely alternative. 

We shall suppose, for lack of anything more 


ix 
(km) 
13° 
20" 
20 200 15x10 
30 
| 
| 
| 
| 
5 
| 
| | o Twilight Airgiow 
; 
reo” 
40.000 | 
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definite, that the particle flux is constant during 
twilight [he screening height is then that 
applicable to A 3914 and the true emission 
height is in the E-region. From Table 2, we 
conclude that the integrated abundance of N* 
above a true height of about 115 km is 
normaly. | <5 x 10° ions cm The intensity 
does seem to increase when the shadow drops 
below this altitude, so for the entire atmo- 
sphere this upper limit may well be approached 
even under quiet conditions. With nm, ~1-5 x 
10" electrons and 10-7 cm® 
sec’ for the twilight E-region, the rate of N 
ionization in the entire column is 2,... 7, 
5x 10’ ions sec~'. If the ionization is 
produced by electrons, 30 to 35 eV will be lost 
in producing each ion pair”. Allowing for 
ionization of O and O, in addition to N., we 
find that a total energy flux for the incident 
electrons of about 3x 10° eV sec”! is 
required. Electrons penetrating to E-layer 
depths (110 km) will have an initial energy of 
about 3 keV’. Hence the required electron 
flux is about 10° electrons cm=? sec™'. For 
comparison, Van Allen”, in a summary of 
rocket results, concludes that the electron flux 
in the auroral zone and in the energy range 10 
to 100 keV is approximately 10° — 10° electrons 
ese". 

If the nitrogen ionization is produced by 
protons, an initial energy of about 30 keV is 
required for the particles to reach the depth of 
the E-region”. Protons also lose about 33 eV 
per ion pair **’. We then find that the necessary 
proton flux is only about 10° protons cm~* 
sec™'. In the aurora, proton fluxes exceeding 
10’ protons sec™' are not unusual 
according to the Hz intensities®’: 


If one ionization in fifty also produces a 
quantum of A 3914, we would expect a zenith 
emission rate of 4tu.7 ,,,,1R. There may 
be a weak (perhaps a few rayleighs) A 3914 
mission in the nightglow; a component of only 
| R would not be detected over the other 

idiations. However, during disturbed mag- 
netic conditions the N= abundance is evidently 
vany times greater than the value adopted 
here. It thus seems not impossible that A 3914 
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appear at times in the nightglow as a 
result of particle bombardment, perhaps con- 
stituting a weak permanent aurora emanating 


may 


primarily from the E-region. Possibly these 
bombarding particles are the leakage of the 
Van Allen radiation from magnetically trapped 
orbits. 
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RELATION TO THE RADIATION BELTS OF THE EARTH 
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(Received 29 June 1959) 


Abstract—A new theory has been developed which gives the distribution of density with 
altitude for a planetary exosphere in the absence of thermodynamic equilibrium. The results 
differ considerably from those calculated on the basis of a hydrostatic equation 

lo apply this theory to the earth's exosphere, we first fix the temperature of the base of the 
exosphere, which is located at 530 km, by using satellite drag data between 500 and 1000 km 
A temperature of 1500° gives a reasonable fit to the rather sparse data and allows us to 
calculate the atomic oxygen distribution with altitude 

From the cosmic ray neutron albedo theory of the inner (cosmic ray) radiation belt, we can 
set an upper limit of about 10° hydrogen atoms per cm® at an altitude of 1000 km, but their 
concentration could be less. However, the total density including the ionized component must be 
of the order of 10-'* g/cm® at 1000 km. 

The existence of a minimum between the two observed radiation belts, the so-called “slot”, is 
accounted for in terms of the breakdown of the adiabaticity of the magnetic moment of trapped 
particles. This same theory also allows one to make statements concerning the mean energy 
of the trapped protons in the inner radiation belt. It should become progressively softer with 
increasing altitude 

[he outer (auroral) radiation belt, which is centered at 3 earth radii, has a lifetime which is 
controlled primarily by the presence of a scattering atmosphere. From a theory which takes 
into account both energy loss and scattering, one can calculate the intensity contours for the 
quasi-equilibrium state. Special techniques give the transient case following the injection of 
particles into this region 

The initial injection of solar corpuscular radiation consists mainly of protons and electrons 
with velocities of 210° cm/sec. These 20 keV protons form a third and rather transient 
(~ 1 day) radiation belt at 4-8 earth radii; they account for most of the effects observed during 
magnetic storms. Their initial diamagnetic effects produce the “reverse sudden commencement” 
(SC*). Their increase of upper atmosphere ionization accounts for the sudden commencement 
currents while their drift in longitude accounts well for the main phase of magnetic storms. In 
comparing various removal processes for the injected protons, we find that charge exchange is 
about 100 times more effective than atmospheric scattering. Using our theoretical distribution 
for the hydrogen exosphere, we can therefore calculate the complete development of a magnetic 
storm as a function of time, including the distribution around the earth of trapped protons as 


well as their magnetic effects. 


* This research was supported in part by the United the Electronics Research Directorate of the Air Force 
States Air Force under Contract AF 49(638)-530 moni- Cambridge Research Center, Air Research and 
tored by the Air Force Office of Scientific Research of Development Command, under Contract No AF 
the Air Research and Development Command and by _ 19(604)-5575. 
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VARIATION OF AIR DENSITY IN THE 
EXPOSURE 

In any planetary atmosphere one reaches a 
level of altitude at which the density of the 
atmosphere is so low that the mean free path 
becomes of the order of the scale height. To 
a good approximation one may assume that 
above this level the mean free path in fact 
becomes infinite so that atoms which travel in 
this region, named the exosphere, would 
experience no collisions with other atoms. It 
can be easily seen then, that atoms which issue 
from the base of the exosphere will describe 
ballistic orbits, Le. portions of ellipses which 
will take them out to high altitudes before they 
again re-enter the atmosphere at a different 
point. Some of the atoms will in fact have 
velocities high enough, greater than the escape 
velocity, which will take them beyond the 
gravitational field of the planet 

For the planet earth, we find the critical level 
h.to be at 530 km. At /, we must have a con- 
centration nm. so that n.=(4t H,)-'; with a 
~1-5=x10-* cm we find n.~4~x 10’ cm 
n (0); Le. we have practically only oxygen 
atoms. Below about 350 km, N, becomes an 
important constituent; at 220-230 km it 
predominates 

We may therefore take the 530-km level as 
the base of the exosphere. For more accurate 
considerations, one must take into account that 
at that level only the mean free path in the 
horizontal direction is equal to the scale height 
In reality, the mean free path is not isotropic 
ind is therefore a function of the angle which 
the velocity vector of the particle makes with 
the local vertical 

It is of great interest for many problems to 
know the density of neutral particles in the 
exosphere. For example, in order to calculate 
the drag on a satellite or other space vehicle, 
or to calculate the lifetime of trapped radiation 
belt particles, we need to know both the neutral 
and ionized particle density. While the ionized 
particle density is controlled by the earth’s 
magnetic field and other factors, the concentra- 
tion of neutral particles is controlled entirely by 
the conditions existing at the base of the exo- 
sphere and the gravitational field of the earth, 


which of course is well known. Starting with 
these two ingredients one can calculate the 
exospheric densities provided one has a theory 
which gives the density distribution. 

A thermodynamic approach to this problem 
has usually been attempted." It has been 
assumed that the gas in the exosphere is iso- 
thermal and in fact has the same temperature 
as the gas at the base of the exosphere.* Using 
then the idea of an “isothermal” exosphere, one 
can calculate the density distribution very 
simply from thermodynamic considerations. It 
is given by the usual hydrostatic equation 


nir)=n exp | kT ) 
Further reflection shows that this theory can- 
not be correct. In the first place, an inspection 
of equation (1) shows that the density at 
infinity does not drop to zero but remains 
finite. Secondly, if we consider for a moment 
the situation at very large distances from the 
earth, then we should find there practically only 
particles which at the base of the exosphere 
have had escape velocity or greater. These 
particles of course are destined to escape and 
will form the escape flux at amy level. At very 
large distances from the earth these particles 
will be streaming outward with nearly radial 
velocity. It is clear therefore, that the velocity 
distribution of the particles is not isotropic and 
one may therefore raise the question concern- 
ing the significance of the concept of a tempera- 
ture. In fact, in the absence of collisions 
between particles, which is of course assumed 
in the exosphere, the assumption of thermo- 
dynamic equilibrium which underlies the 
hydrostatic equation is very much in doubt 
We have decided to forego the assumption 
of thermodynamic equilibrium which cannot be 
correct in any case, and calculate the density 
distribution by a different method, namely by 


* Intuitively one might think that the temperature 
of the gas decreases as the velocity decreases when 
particles rise to higher altitudes. However, it is also 
intuitively clear that particles of very low velocity do 
not reach to very high altitudes and that therefore the 
mean square velocity should not vary too greatly with 
altitude 
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considering the statistical distribution of 


particle orbits issuing from the base of the exo- 
sphere and integrating their contribution to the 
density of each level. 
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escaping fraction of the atmospheric gas is all 
that contributes to the density. It is clear 
therefore that at large distances from a planet, 
the density must fall as 1/r’. 


| 


Fig. 1 


Relative concentration of hydrogen atoms 


for different temperatures calculated according to 


Reference 2 as a function of distance from center of 


the earth. For comparison we show the distribu- 
tion according to equation (1) for T=—1500°K 


The details of the calculation are given in 

Ref. (2). However, we may compare the den- 

listribution calculated from the new theory 

that given by equation (1) (see Fig. 1). 

lifference is considerable; the density im- 

itely falls off much faster above the base 

» exosphere, it is consistently less at all 

For example, at a distance of 2 earth 

the logarithmic densities differ by 0-6, at 

h radii they differ by 2:37, or by more 
two orders of magnitude. 

ery large distances from the earth the 


at the base of the exosphere. 


At lower altitudes however, the contribution 
of the ballistic orbits which again return to the 
earth is of much greater significance and there- 
fore the density distribution is in fact quite 
complicated. We have attempted to solve this 
problem by methods involving series expansion 
of integrals and by numerical integrations. 


Temperature 

We are referring strictly to the temperature 
One way of 
finding it is to study experimentally the distri- 
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log (a) 


from atomic oxygen 


Jastrow at 720 km. 


from satellite data 


1500°K fits 


level 
Johnson* using the 
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bution of density as a function of altitude. At obtained by Friedman and collaborators.’ He 
altitudes below 1000 km it is reasonably certain has assumed a thin atmosphere and then shown 
that all of the contribution to the density comes that the data are consistent with such a thin 
We can therefore use atmosphere. However, if the atmosphere is 
satellite drag data, of which there is very little, really thin, then the hydrogen close in to the 
to calculate the temperature in this region. We earth extending out to about 0-4 of an earth 
do this by normalizing the theoretical distribu- radius is not illuminated and does not 
tion to the point determined by Harris and contribute. Conceivably, therefore, a thick 
We find little difference atmosphere could explain the data equally well. 
between 1250° and 1500°K (see Fig. 2), but In fact, we cannot as yet definitely exclude 


interplanetary hydrogen as a source of the night 
~) time Lyman-z radiation, coupled with an 
optically thick hydrogen exosphere. The ex- 
perimental data simply are not good enough to 
allow a firm decision. One needs to measure 
line widths down to 0-01 A in order to deter- 


hydrogen 


| feat mine whether the light observed is scattered 
N from terrestrial hydrogen or interplanetary 


H, km 


Fig. 2. The concentration of atomic oxygen as a 
function of altitude in the inner exosphere derived 
It can be seen that both 1250 
and 1500° provide good fits to the two data points 
the Sass the More deta pointe (i) Inner (cosmic ray) belt. By comparing 
with higher precision would seem definitely to be : 
required 


in much better with the general 
trend of densities at lower altitudes and also of 
course with the escape rate of helium, as has 
been pointed out by Spitzer 
extend the satellite drag data in the region 530 
1000 km 


Differential method usine radiation belts 
eso Another way to normalize the theoretical 
hydrogen distribution is by a direct measure- 
ment of hydrogen density at one or preferably 
Oooo ~More than one level. The radiation belts give 
us a means of at least estimating the hydrogen 
densities and we will apply theoretical discus- 
sions of the radiation belt intensities to this 
problem in order to learn as much as possible 
about the hydrogen densities above 1000 km 


the observed radiation belt flux at an altitude 
of 1900 km with the flux expected on the basis 
of the cosmic-ray albedo neutron theory,” we 
can derive an upper limit to the hydrogen 
density which is 9x 10° atoms/cm’. It should 
be noted that this is an upper limit 
If other processes besides atmospheric 
collisions shorten the lifetime of the trapped 
particles then the density could be less.* Also, 


It is essential to 


HYDROGEN CONCENTRATION if the flux of albedo neutrons is less than that 


Integral method of normalization 

One way of finding the hydrogen density as a 
function of altitude, knowing the theoretical 
distribution calculated earlier, is to determine ‘siderations we could 
the total amount of hydrogen above a certain 
This approach has been taken by F. § 


calculated, which is possible, then again the 
density of the atmosphere at that level could be 
reduced by a factor of 2. From these con- 
therefore stretch the 


* In fact. the eradual loss of adiabaticitv of the 
| ; . particles’ magnetic moment reduces this density by a 
yman-2 cCOMtOUTS factor of 3 (see discussion in next section) 
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present calculation to allow a minimum density 
of the order of 10° neutral atoms/cm* or 
25x 10* ionized hydrogen atoms per cm**. 
However, whistler data indicate _ the 
existence of an ionized atmosphere of about 
2x 10*/cm® at this level so that our method 
loses sensitivity for the determination of the 
neutral hydrogen density if we go to the lower 
limit. 


A theory for the “radiation belt slot” 
In view of experimental data'”’ which show a 
maximum for the inner radiation belt at an 
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rapid rise. However, as we pointed out, the 
adiabatic invariance of the particle’s magnetic 
moment must break down at a certain point. 
What this point is cannot be decided from a 
priori considerations. However, the work of 
Northrop indicates that the breakdown 
quite sharp. We now associate a maximum 
momentum and therefore a £,,,, with each alti- 
tude. These considerations lead to a breakdown 
law given by" 


1S 


=0-Tr-* (2) 
By applying this law in addition to the 
calculated hydrogen density d we find for the 


O02 | 


Fig. 3. Omnidirectional integral intensity (relative) 


of cosmic ray radiation belt near equator 


B max 


varies as indicated ; {2 min is taken as 0-2 (20 MeV 
protons). The dashed line shows the intensity 
variation expected if only hydrogen existed in the 


exosphere 


The presence of oxygen, however, 


causes the steep initial rise shown. The transition 
from O to H, we calculate, should take place at 
about 1000 km. However, it will be interesting to 


altitude of about half an earth radius it may be 
questioned whether in fact its intensity is con- 
trolled by atmospheric density. We have 
assumed earlier, and we will show that this 
assumption is essentially correct, that the 
intensity is controlled by atmospheric density 
at low altitudes’*’ which is clearly shown by its 


* It can be shown that an ion pair is 4 times as 
effective as a neutral 
protons. 


atom against nonrelativistic 


obtain an experimental verification of this. 


omnidirectional integral radiation belt flux at 
the equator'* 


1=8-6 x 10~** (n/=) cos — Bmin®’*] 

d 
where 7 is the mean injection factor ~0-4; all 
other symbols are as before.’ Without any 
further assumptions the flux shows a maximum 


at 1'5Re, which corresponds closely to the ob- 
servations (see Fig. 3). 


(3) 
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It might be mentioned parenthetically that if 
this theory for the “slot” is correct, then the 
Argus electrons which extend out as far as 2 
earth radii in the equatorial plane are well 
within the adiabatic limit and their lifetime is 
therefore controlled by atmospheric density. 


The theory which gives the breakdown of the 
adiabatic condition as a function of altitude can 
be easily verified. It should lead to a progres- 
sive diminution of 4... in accordance with 
equation (2) and, as seen from Fig. 3, this 
would lead to a progressive softening of the 
radiation as one moves out to higher altitudes. 
For example, at 1-5 earth radii there should be 
no protons present with energies greater than 
about 50 MeV; and at 1:8 earth radii no 
protons with energy greater than about 25 
MeV. This implies also that the amount of 
shielding required at various altitudes for 


Magnetic North Pole 


Argus rodiction 


\ 
Dstoxe Eat } a 
e 'e 


manned space stations diminishes with increas- 
ing altitude. 

(ii) The auroral belt. As shown by the con- 
siderations on adiabatic invariance developed 
in the preceding paragraph, the particles in the 
auroral belt which we believe consist of 50 
keV electrons (ranging perhaps down to 10 and 
up to 500 keV) will satisfy the adiabatic 
condition quite well and in the absence of 
magnetic field perturbations their lifetime 
would be controlled strictly by the presence of 
atmospheric ions, electrons and neutral atoms. 
A theory for the lifetime of trapped particles 
has been developed” using the Fokker—Planck 
equation to take account both of the scattering 
and of the energy loss of particles. From this 
theory we can derive the quasi-equilibrium 
distribution of intensity in the belt (see Fig. 
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A 
is, 
"Magnetic South 

Fig. 4. The radiation belts around the earth. The experimental regions for 
a maximum of the inner and outer radiation belt are shown according to i. 
Van Allen. For the inner radiation belt we show the calculated contours from cs 
the neutron albedo theory (Ref. 6). The Argus radiation belt is shown at two 7 


earth radii. For the outer radiation belt we show contours calculated from 
considerations of lifetimes for trapped electrons according to Ref. (9). The 
agreement is fair between these and contours which have been estimated from 
observations so far. 
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Clearly, if the particles are injected with a 
peculiar type of angular distribution, then a 
transient decay will occur first which rapidly 
disappears and finally goes into a quasi- 
equilibrium exponential decay. For example, 
the injection of the Argus electrons took place 
in a very peculiar manner leading to a peculiar 
distribution of pitch angles. It is therefore 
thought that the observed decay of the Argus 
electrons was the transient decay rather than 
the quasi-equilibrium decay which we have 
calculated 

It is unfortunately not possible to calculate 
the density of the atmosphere from the 
observed auroral belt intensities. This is so 
because we cannot calculate a priori the injec- 
tion rate into the auroral belt, the rate of supply 
of particles. (In the case of the cosmic ray 
belt, this is possible from the cosmic ray 
neutron albedo theory.) However, it is possible 
to obtain these densities by artificially injected 
electrons One would prefer electrons from 
in accelerator, injected with a well known 
and injected either isotropically or in a 
known direction. 


(iii) The magnetic storm belt. We have 
evaluated the magnetic effects produced by the 
lrift of trapped particles in both inner and 
vuter radiation belts and find that they are not 
idequate to explain magnetic storm effects. We 
therefore must go back to our original hypo- 


energ) 


thesis '*’ that protons with velocity of 2 x 10° 
m/sec, having energies of approximately 20 
keV, are captured in the earth’s magnetic field 


after about one day following a solar flare. 
Injection takes place as the solar plasma cloud 
interacts with the weak geomagnetic field, and 
“kinks” it as instabilities are set up. The 
“kinks” can then scatter particles in the 
trapping region, which—as St6rmer has shown 

s normally inaccessible." 

Since this injection is reasonably well-defined 
and presumably lasts of the order of a few 
hours, we can attempt to calculate the density 
of the atmosphere in the region occupied by 
these protons from their observed lifetime. The 
data on the main phase of magnetic storms 
give a mean life of about one day. 
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Again we must investigate what factors 
determine the lifetime of the trapped 20 keV 
protons. As seen from equation (2) the adia- 
batic invariance is satisfied out to about 8-5 
earth radii. The effects of the atmosphere 
include collision losses and scattering, as well 
as charge exchange. To determine which of 
these effects is most important we compare the 
experimentally determined charge exchange 
cross section''*’ of 7 x 10-'* cm? with a calcula- 
tated collision and scattering coefficient for 
20 keV protons of 2 x 10-* cm’/sec."*") We see 
therefore that charge exchange is about 100 
times as effective as scattering in removing the 
low energy trapped protons. However, we 
must assume that the ratio of ionized to neutral 
hydrogen is not greater than 100. 

The decay time of magnetic storms thus 
determines the neutral hydrogen density at 
about 100 per cm’. Its location corresponds 
to that of the very transient magnetic storm belt 
We would place it about 5 to 8 earth radii in 
order to account for the observed value of the 
magnetic storm decreases during the main 
phase. We have earlier calculated the drift 
velocity of these particles and shown that the 
drift in longitude of the protons trapped in this 
region could produce a current of the required 
magnitude. Ihe diamagnetic effects of the 
protons’ gyration will decrease the effect by 
about one-third but cannot cancel it completely. 


Geophysical effects 

We associate this transient belt with magnetic 
storms as well as with aurora. In our view, the 
outer radiation belt found in the Pioneer and 
Mechta rockets is not really directly responsible 
for most of the aurora since otherwise it would 
not show such a long lifetime. After the bulk 
of the protons are removed by charge exchange, 
the remaining protons and a fraction of the 
electrons are accelerated locally, i.e. within the 
earth’s magnetic field, to high enough energies 
to produce the observed aurorae. The accelera- 
tion mechanism has not been elucidated in 
detail. We have discussed a type of Fermi- 
acceleration in which the trapped particles inter- 
act with magnetohydrodynamic waves, which 
are themselves loosely trapped in the earth’s 
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magnetic field, by being reflected from the 
upper ionosphere at an altitude of several 
hundred kilometers. Then from purely ther- 
modynamic considerations one can show that 
the trapped particles are accelerated as they 
tend towards equipartition; in other words, as 
their kinetic energy tends towards the kinetic 
energy contained in the magnetohydrodynamic 
waves. However, as they are accelerated their 
pitch angle is also changed; hence many of the 
particles are lost from the trapping region and 
will precipitate into the auroral zone. 
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It is interesting to study the geophysical 
effects of the transient radiation belt made up 
of the 20 keV protons. Initially the pitch angle 
distribution will be flat. In other words, many 
protons will be able to get down close to the 
earth (see Fig. 5). These will not drift but their 
diamagnetic effects will instead push the lines 
of force apart or weaken the field in the auroral 
zone. In our view, this feature is responsible 
for the reverse sudden commencement, the so- 
called SC*, which precedes the sudden 
commencement of magnetic storms, and is 


_-Density contour 


Current contou 


Fig. 5. The concentration of trapped solar protons 

around the earth at the beginning of a magnetic 

storm. Note the large number of protons which 

can get close to the earth where their diamagnetic 

effects will be important and produce the reverse 
sudden commencement. 


Density contour 


Current contour 


Fig. 6. The distribution of trapped solar protons 

around the earth during the main phase of the 

magnetic storm. Here the azimuthal drift is the 

important quality which determines the magnetic 
effects observed at sea level. 
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generally observed in the auroral zone.''* The 
sudden commencement itself may be due to the 
incidence of such protons into the ionosphere, 
there causing additional ionization which in- 
creases conductivity and allows existing 
dynamo e.mf.’s to drive a larger current 
through the ionosphere. Since we know now 
the atmospheric neutral hydrogen distribution 
as a function of altitude, we can fairly directly 
calculate the spatial distribution of these 
trapped protons as a function of time. We can 
also calculate the changing magnetic effects 
observed at sea level as a function of time by 
following the decay of the whole cloud (see 
Fig. 5 and 6). 


I wish to thank R. C. Wentworth for useful 
discussions and assistance in some of the 
calculations. 
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Abstract—This paper, one of a continuing series, reports the results and analysis of two rocket 
experiments designed to study the simultaneous optical and radio-radar behavior of artificial 
electron clouds. The optical properties were obtained by “doping” the cloud with a small 
percentage of sodium in one experiment and using a complete payload of sodium in another 


These experiments were performed with the Nike-Cajun under morning twilight conditions on 


21 and 22 May 1958 respectively 


Analyses are made of radar slant range behavior with time, optical growth rate and variation 


of critical frequency with time 


the differential diffusion of charged and neutral particles 


In the last, a more advanced analysis is used which allows for 


The results from these analyses are 


compared to the estimated atmospheric properties and to thermo-chemical release properties 


These are also cross-checked among themselves 
This study indicates the utility of combined radio-radar and optical observations 
the neutral and ambipolar diffusion coefficients, chemical 


derived for the following parameters: 


Values are 


vield, thermal ionization efficiency, wind velocity and wind shear 


1. INTRODUCTION 

This paper is one of a continuing series 
devoted to the elucidation of the physics of 
artificial electron clouds. Paper I" of this 
series presented a concise summary of the data 
obtained in eight rocket experiments in which 
artificial electron clouds were produced; the 
initial paper also listed some suggested 
scientific uses of these clouds. Paper II* dis- 
cussed the general considerations in the overall 
design and interpretation pertinent to a 
systematic study of this nature. Paper III" 
presented an analysis of the electron cloud 
created by the daytime release of atomic potas- 
sium at 121 km by means of an Aerobee rocket. 


* Formerly with Geophysics Research Directorate, 
Air Force Cambridge Research Center, L. G. Hanscom 
Field. Bedford, Massachusetts 

This work has been partially supported under con- 
tracts: U.S. Army Signal Corps DA36-039-SC-78971 
and U.S. Army Signal Corps DA36-039-SC-78925. 

Rocket experiments were performed when authors 
were employed at GRD, AFCR( 
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Paper IV“ reported on the electron cloud 
created by the 101 km nighttime release of 
atomic cesium from a Nike-Cajun rocket sub- 
stantiating the thesis that thermal production 
of electrons was an active process in experi- 
ments of this nature. 

It has become apparent that a knowledge of 
the dynamics of the initial expansion and sub- 
sequent diffusion of the released atomic species 
was essential to the understanding of the 
physics of electron cloud radar returns. It was 
decided to render the clouds visible by 
“doping” the chemical payload of cesium com- 
pound with a trace of sodium in one case, and 
by flying a complete sodium payload in a 
second experiment. The technique was to 
adopt morning twilight releases since it was 
essential that the cloud be solar illuminated for 
an extended period under low intensity sky 
backgrounds. Previous experiments have 
shown that the solar illuminated sodium cloud 
would be easily visible.’ On the basis of 
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similar chemistry and negligible reduced mass 
effects it was assumed that the cesium atoms 
would be distributed in a manner proportion- 
ate to the sodium tracer. 

It was felt that the reduced radio-radar data 
determinations of thermal-ionization efficiency, 
chemical yield, diffusion coefficient, etc., could 
be cross-checked with optical data to yield 
integrated, interlocked values for the basic 
processes and parameters. 

In a previous paper’ for the analysis of C-3 
radar data, a simplified electron cloud model 
was adopted which ignored the possible effects 
of differential diffusion. Here, a more sophisti- 
cated model is developed which considers the 
role of the differential diffusion of ion-electron 
and neutral species on the cloud dynamics. 

Additionally in Paper III,’*’ because of the 
logistic requirements of an extended program 
of rocket experimentation, there was explored 
the possibility of using rockets of smaller pay- 
load, namely, Nike-Cajun. The analysis 
indicated that the Nike-Cajun was adequate for 
the purpose of this study. The initial experi- 
ment reported here checked this hypothesis. 

It should be commented that in this paper as 
in Paper III, the dominant density decay 
mechanism is considered to be diffusion and the 
other loss mechanisms such as recombination, 
mutual neutralization, etc., are not considered 
to be significant. 


2. EXPERIMENTAL 
2.1. Experimental considerations 
On the basis of previous experimentation, 
release altitudes were chosen to insure that the 
only operable electron decay process would be 
diffusion. These altitudes were found to be 
approximately 115 and 125 km for sodium and 
cesium, respectively (see Fig. 6, Paper III’). 
During twilight periods the ozone layer will 
cast a shadow in ultra-violet analogous to the 
earth's optical shadow and somewhat higher. 
Calculations indicate that for a 50 km ozone 
shadow’ releases at these altitudes should be 
performed about 30 min before local sunrise to 
assure that ionizing solar radiation reaches the 
cloud. 
The utilization of sodium as an optical 
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“doping” agent is particularly effective. First, 
its optical cross-section is so high that only 
about 10°' atoms/cm? column is required to 
render a cloud optically dense. Secondly, for 
alkali metal studies it can be safely assumed 
that the chemistry is similar to a high degree 
for all species. For example, it may be 
assumed that the ratio of cesium to sodium 
atoms existing in the payload is maintained in 
the dispersed cloud. Furthermore, since the 
photoionization probability of sodium is less 
than 2 per cent that of cesium, no detectable 
effect due to photoionization would be expec- 
ted, a fortiori, since only a small percentage of 
sodium was used. Similarly, since the thermal- 
ionization efficiencies lie in the same direction, 
no substantial sodium thermal-ionization is 
expected. These factors serve to justify the use 
of sodium as an effective optical “doping” 
agent. 

The release of pure sodium of 22 May 1958 
had several purposes. The optically observed 
growth could be used to study cloud dynamics 
under optimum conditions; also in view of a 
previous release of potassium the three alkali 
metals could be compared as to efficiency. 
Furthermore, predictions made in an earlier 
paper®’ indicated that the probability of 
generating detectable ion clouds with a sodium 
release from a Nike-Cajun rocket was low, and 
it was desirable to check this fact experimen- 
tally. 


2.2. Payload and chemistry 

The basic engineering of the metallic vapor- 
izers employed in these experiments has been 
previously described in a paper dealing with 
the release of atomic cesium at an altitude of 
101 km. The background and chemistry has 
also been discussed previously.’ For these 
experiments the payload and geometry were 
modified in order to conform with the capabili- 
ties of the Nike-Cajun rocket nose cone. In 
particular, the empty canisters (400 in* volume) 
weighed about 8°6 kg. The chemicals used in 


the first experiment reported here consisted of 
8-9 kg of cesium nitrate (45-7 gram moles), 4-7 
kg of aluminum granules and 0-1 kg of sodium 
The 


nitrate (added as a “doping” agent). 
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CsNO, /Al ratio was This payload was 
launched on a Nike-Cajun rocket on 21 May 
1958, at Holloman AFB, New Mexico, at 
0431:59 MST. At 118 sec after launch and at 
128 km, the chemical constituents were success- 
fully released 

The second experiment, the release of atomic 
sodium, was performed on 22 May 1958. A 
Nike-Cajun rocket released the chemical pay- 
load 108 sec after launch time (0429:59 MST) 
at an altitude of 116 km. The loaded vaporizer 
in this case contained 5-05 kg (61 gram moles) 
of sodium nitrate and 5°85 ke of aluminum 
granules. 


3. EXPERIMENTAL PROBES AND RESULTS 
3.1. Optical probes 

Details concerning some of the optical 
instrumentation employed for optical probes 
have been provided in previous publications of 
this series."’'* These include: (a) the Astro 
Ballistic camera sites on the HAFB-WSPG 
range; ' * (5) the Baker—Nunn satellite track- 
ing camera‘ at Organ Pass, New Mexico; this 
camera was fitted with a yellow filter and 


utilized 4 sec exposures for these two experi- 
ments (c) the Beattie-Coleman Varitron 35 mm 
recording camera’ which was equipped with a 


narrow band 5890A interference filter. In 
addition to the above, the following probes 
were utilized and have not been previously 
described. 

A Bendix light amplifying system called a 
Lumicon was employed. This is an electronic 
instrument comprising a highly developed 
closed circuit television system which intensifies 
light. The detector includes an optical imaging 
system, image orthicon camera tube and an 
amplifier. The monitor incorporated several 
amplifiers with a power supply and a 10 in. 
kinescope tube on which the intensified image 
is produced. The imaging system employed an 
85 mm, f/1-4 lens. A timer was mounted ad- 
jacent to the kinescope tube face, to record the 
time of the event on each exposure. A 16 mm 
movie camera, set at 8 frames/sec, f/2-0 
foeused at 41 in. and employing Tri-X film, 
was used to photograph the kinescope tube. 

A bank of six 35 mm cameras equipped with 


various filters and exposure times was used to 
record specific features of the cloud luminosity. 
The cameras were mounted on a single base 
and pre-pointed so that the cloud would appear 
in the middle of their field of view which was 
about 30° in all cases. The items | through 6 
in Table | give the camera type. lens speed, 
filters, film type, film sensitivity, exposure time 
and the duration over which usable cloud 
images were obtained. 


3.2. Optical results 

Easily visible and photographic clouds were 
generated in each of the two experiments 
reported here. The optical data obtained are 
briefly described below, with no analysis 
presented here except for determination of the 
initial cloud geometry and location. A more 
thorough analysis is presented later with the 
aid of some of the optical data summarized in 
Table 1. 

All three Astro Ballistic camera sites repor- 
ted positive results which indicated that the 
cloud position on the morning twilight release 
of 21 May 1958 was as follows: the altitude of 
release was 127 km at a position from the 
launch site of 16-7 km N and 12:7 km W. The 
apparent diameter of the cloud (exposure | 
min) was 1-4 km. It must be noted that any 
apparent movement of the cloud through 
winds, diffusion, shears, etc., would make the 
apparent image size larger than the actual. 
Similar data for the 22 May 1958 morning 
twilight release yielded the position; altitude of 
116 km above a region 14 km N and 9-1 km W 
from the launch site. The photographed 
apparent dimensions were found to be 
08 kmx09 km. Again, these dimensions are 
apparent and represent the integrated signal for 
a period of 1 min. 

The Baker—Nunn satellite tracking camera 
data were obscure. The data on both the 21 
and 22 May flights were rendered difficult to 
interpret due to a severe diffusiveness of the 
images. Crude estimates of the initial (within 
the first 10 sec) minimum cloud dimension yield 
the values 1-0 and 1:2 km on 21 and 22 May, 
respectively. 

The Lumicon records for the 21 May release 
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Table 1. 


Wave- 

length 

region 
of 


interest 


Camera Filters 


number 


Camera type 
and film 


Exacta 
f/3°5 
Tri-X 


Range 
of 
rri-X 


None 
5% at S890 A 
about 70 
remainder of 
spectrum 


Bolsey 
f/3-2 
Tri-X 


5290 A 5 


Interference 
type 
peak at 3300 A 


Exacta 
f{/2°8 
Kodak 


3300 / 
103-0 
Interferen 


type A 
peak at S887 / 


Leica 
f{/28 
Tri-X 


ce 


Leica 

f/2-8 

Tri-X 

Rival 

High Speed 
IR 

Beattie- 
Coleman f/2°8 


Tri-X 


Lumicon 
f/1-4 
not 


ISA 


peak at 8517 / 


Interferen 
type A 


peak at 5892 


e 


Interference 


5890 type 


ipplicable peak at 5894 A 


* Note 


indicated that the initial geometry of release 
was that of a sphere with a diameter of about 
0-7 km. The Lumicon recorded data for about 
350 sec after release time. The data of the 22 
May flight was obscure during the initial 
period, but at about | min after release an 
elliptically shaped cross-section of the cloud 
was well defined and measured about 2:2 x 2-9 
km. Photography of the cloud was possible for 
over 700 sec after release, at which time it 
became difficult to photograph. Quantitative- 
ly, the Lumicon data are somewhat unreliable 
and it appears that some form of built-in 
calibration is required for other than qualitative 
or comparative work 


Trans- 
mission 


70 
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Summary of Optical Data For Cesium and Sodium Experiments, May 1958 


21 


Film May 22 May 

sensi- 

tivity Exposure Duration Exposure Duration 
(sec) (sec) 


(sec) (sec) 


at 


S890 A 


Camera 


failed 


160 


none 


Camera numbers 1 through 6 represented the 35 mm multi-camera device 


The 35 mm multi-camera device indicated an 
initial sphere of average diameter of about 
1-2 km which represented the apparent image 
within a few seconds after release time on 
21 May. Similar data for the 22 May flight 
indicated an initial sphere of diameter 
approximately 1-1 km. 

The Beattie-Coleman Varitron camera 
obtained photographs of the cloud for a period 
of 105 sec and 240 sec for the 21 May and 
22 May flights, respectively. The apparent 
initial sizes for the two same respective flights 
were 1-2 km and I:1 km. These initial values 
represent observations made within the first 
10 sec following chemical release. 
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2° = 1/25 10 1/10 60 
20 2 40 10 
/ 
4* A 70 9-8 10 160 10 400 
AA=25 A 
5 4555A 90 9°5 10 130 10 
peak at 4556 A 
\ 
6° | 90 3-2 10 200 10. —none 
cu 
7 S890 A a" \ 70% 9-8 see text 105 see text 240 


The several data for the optical probes show 
at least three significant factors: (i) that release 
was obtained at 128 km and 116 km, respec- 
tively, for 21 May and 22 May 1958; (ii) that 
the feasibility of utilization of twilight reson- 
ance radiation for photographic optics is 
verified; and (iii) that an initial cloud geometry 
is that of a sphere with an apparent optical 
diameter of about | km 


3,3 Radar probes 

The radar probes utilized were also 
employed in previous experiments of this series 
and have been discussed elsewhere''’, so that 
only a brief reference to each probe is given 
here for completeness. The following were 
employed for the two morning twilight experi- 
ments: (a) the Stanford University 70 kW radar 
which for this experiment began operation on 
49-9 Mc frequency subsequently changed when 
necessary to a lower (23:1 Mc) frequency; (b) 


the Laredo Smyth forw ard-scatter net 
(Laredo Texas-Utah site and Laredo-Nevada 
Site) was employed to check the 201 Me 


forward-scatter capability; (c) the C-3 iono- 
sonde* at WSPG which obtained 1-25 Mc 
variable frequency returns every 15 sec; (d) the 


Ft. Huachuca Arizona-site 1 (120 miles north 


of Ft. Huachuca) and Ft. Huachuca-site 2? (240 
miles east) forward-scatter nets were em- 
ployed. Forward-scatter between these stations 


was checked on 810 Mc 13-56 Mc. (e) 
the Dovap and Doran HAFB-WSPG net 

transmitting on 36°94 Mc, 73:88 Mc, 132:48 Mc 
ind 26496 Mc and, (f) the 


radio 


and 


and 
amateur networks utilizing 
coded transmissions of 50-0 Mc and 144-01 Mc. 
respectively. As in the optical case, the radar 
obtained are discussed here with 
analysis given later for comparison to optical 
data 


6-meter 


results 


3.4. Radar results 

The radar probes obtained positive results on 
the 21 May release of cesium, but uniformly 
obtained negative results for the 22 May flight 
in which sodium vapor was released at 116 km 
Thus, in view of the optical data of 22 May, it 
is concluded that proper release of sodium 
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vapor was achieved, but no radar-detectable 
artificial electron cloud was produced. Thus, 
the following reported positive radar results 
apply only to the experiment of the morning 
twilight release of sodium-doped cesium vapor 
at 128 km on 21 May 1958 

Positive results were obtained for the Laredo 
Smyth forward-scatter net. On 21 May a signal 
identified with the ionized cloud was recorded 
at 116 sec after launch. The Utah site recorded 
the effect for a period of 2:3 sec while the 
Nevada station reported a 3 sec duration 

The Ft. Huachuca station | and 2 forward- 
scatter net reported positive results as a short 
burst on 810 Mc at both stations for about | sec 

The radio amateur 6m net reported a 
positive signal for over 15 sec commencing at 
the proper time after launch (about 118 sec) 
One station receiving a positive result was 
situated about 100 miles NE of the launch site 
and received and recorded the 50-0 Me trans- 
mission from Tuscon, Arizona 

The radio amateur 2-m net was successful in 
producing two positive contacts on the 21 May 
release. The signals identified with the artificial 
electron cloud were detected for a period of 
over 3 sec from both contacts. These contacts 
were located at 520 miles SE and 90 miles S of 
the test site 

The 70 kW Stanford radar, situated 15 miles 
from the launch site, reported saturated echoes 
associated with the electron cloud on 23:1 Mc 
for less than 20 sec at about 118 sec after 
launch and at a slant range of about 191 km 

The Dovap and Doran networks obtained 
positive results for the 21 May flight. The data 
for three operating stations are given in 
Table 2, which includes the station reporting 
the result, the frequency received, the time 
duration and recorded signal strength 

The C-3 ionospheric sounding facility at 
White Sands Proving Ground, New Mexico, 
yielded very useful positive results for the 
21 May morning twilight cesium release. The 
strong echoes associated with the artificial 
electron cloud persisted for over 20 min after 
gas release which made possible the determina- 
tion of the time variation of both the maximum 
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[Transmitter stations 
location 
(miles from launch site) 


Frequency 
(Mc/s) 


Imi E 36°94 
Im 73°88 
38 mi SW 132-48 

264-96 


Receiver stations 
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Table 2. Dovap—Doran Data for Cesium Release, 21 May 1958 


Time duration of 


Power output 


(W) 
1200 
120 
1500 
200 


Recorded reflection (average) 


location Frequency recorded data (nV) 
(miles from launch site) 20 May 21 May 20 May 2( May 
38 mi SW 36:94 60 sec 9 sec 3 2 
25 mi SW 73-88 0 2 sec 0 01 
72 mi NW 132-48 6 sec 2 sec 0-4 0-7 
20 mi NW 36°94 30 sec — — — 
73-8 0 0 
36:94 64 sec 10 sec 2°5 3 
738 9 sec 4 sec 06 08 


frequency returns and slant range. Fig. | and 
2 summarize the ionogram data which are later 
analyzed in detail. 


CESIUM RELEASE AT i268 KM 
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Plot of the C-3 experimental data for the 
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Fig. | 
release of cesium at 128 km 
values of D, and Da 
of valves serve to illustrate the sensitivity of the 


The two closely 


spaced sets 
pace 


technique 


4.1. Optical data 

[he optical data presented 
analyzed and yielded information 
(a) initial cloud size, (b) height and position by 
triangulation, (c) diffusion coefficients for the 
neutral species, (d) the diffusion mechanism, 
(e) the chemical yield of both cesium and 
sodium atoms and (f) wind shear values. Items 


earlier were 
regarding 


(a) and (b) have been presented earlier and 
need no further comment, but items (c) through 
(f) are discussed in detail below. 


(i) Diffusion and yield. To relate observed 
or photographed cloud size to the contaminant 
density and profile throughout the cloud 
required the use of an expansion model and 
consideration of the detector response to the 
cloud luminosity under varying levels of back- 
In addition, many factors join 


ground light 


"ANGE 


TIME AFTER RELEASE (minutes 


Fig. 2. The circles represent the C-3 radar slant 
range vs. time for the 21 May experiment. The 
solid line is a best fit from equation (14) and a 
constant, horizontal wind velocity of 140 m sec. 
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to make quantitative measurements from a 
photographic image difficult. Some of these 
are: (1) the maximum exposure time is limited 
by the background which varies over several 
decades during the twilight period; (2) the 
sensitivity of film is affected by the background, 
becoming more sensitive as the background 
light brings the level of intensity to a steeper 
part of the density vs. exposure curve, (3) the 
optically thin edges of the cloud do not provide 
a clear cut edge for measurement. In practice, 
for quantitative work, it is necessary to combine 
careful calibration and densitometry to plot 
contour lines of constant image density and 
relate this to a theoretical model before dimen- 
sions can be accurately ascertained. This was 
not accomplished in the present work. With 
these limitations stated the model below is 
employed 


The simplest model is to assume the cloud to 
be spherical with a Gaussian distribution in 
density through the cloud. After some initial 
time the density is expected to vary in time and 
position in accordance with the equation 


N r 


n(r,t)=number of particles/cm* at distance 
r from center at time f 
NV =total number of particles in cloud 
r,=half-width of Gaussian (1/e value) 
at r=0 (cm) 
D=diffusion coefficient for neutral or 
charged species at the cloud height 
(cm~/ sec) 
If luminosity is due to resonance scattered 
sunlight, and viewed in the back-scattering 
direction, light will be scattered to the detector 
in accordance with the number of atoms in a 
line of sight. The absorption cross-section 2, 
of the sodium atom at its resonance level at 
5893 A is about 10~"' cm’*; hence, when the 
number of atoms in a line of sight is about 10" 
this portion of the cloud may be considered to 
be essentially optically dense. At these alti- 
tudes collisional deactivation is negligible, so 
that the optically dense portions have a 
reflectivity of unity at the characteristic wave- 
length. Further, the total number of alkali 


atoms will remain constant since the rate of 
chemical consumption is very slow. The time 
for half-consumption is > 10° sec and > 10° 
sec at 130 and 115 km, respectively (see Fig. 6 
of Paper II*’). +, the total number of particles 
in line of sight per cm’, at a distance from the 
center r, is given by 


It is assumed that the optical size of the cloud 
is determined by the distance from the center d 
of that isophote for which >= K =1/2 since the 
intensity drops rapidly for >< K; then we have 
from (2) 


d? = —(4Dt+r°) In tr?) 


l 
ao (sex 


(x 


where d,...=maximum radius to which the 
isophote corresponding to K 
atoms/cm” grows 
time to achieve this maximum 
radius and 
t,.,time for cloud to disappear. 

It is assumed that the initial, very rapid 
explosive expansion at release leads to a 
Gaussian cloud of half-width r, and the above 
mathematical treatment is applicable only sub- 
sequent to this initial expansion and it is at this 
point that we set t=0. Since the initial 
expansion occurs within a second or so, f is 
essentially the time from release. 

It should also be remarked that the above 
represents minimal treatment of the problem. 
However, it is sufficient for the present data in 
view of the limited calibration techniques 
employed in these initial optical probes. A 
more comprehensive treatment of this problem 
will be given in a forthcoming paper 

As an example of the optical model we shall 
analyze the Beattie-Coleman data for the 


pret 
4 
(3) 
N 
2 
(4) 
mas 
2 
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effort here is to determine the parameters r, = 
the initial Gaussian half-width, N =the number 
of alkali atoms and D,=the observed neutral 
species diffusion coefficient. Similar parameters 
are later determined in an independent manner 
from radar data and compared to the optical 
findings 


From (3) we obtain for 1=0 
= —r’ In (7) 
where d, =initial optical radius for the isophote 


corresponding to K. In order to solve (7) for 
r, we need an estimate of N which is obtained 


from equation (4). since d . is observable. 
Having obtained r, and N we can obtain D from 
squation (5), since f is also an observable. 


[he isophote K =1/2 has been selected for this 
inalysis since it is the most easily followed with 
uncalibrated negatives. The above equations, 
of course, apply to any isophote. 

[he values determined above are the first 
estimate for fitting equation (3) to our data. We 
subsequently adjust these parameters to obtain 
the best fit to the entire run of data since the 
initial values of r,. D, and N were obtained 
from two points, t=0. and t—f 


Chis fit is surprisingly sensitive since a small 
variation in either N or D causes large changes 
in our curve. This is indicated in Fig. 3 where 
the experimental optical size (2d) is plotted 
igainst the theoretical curves for two cl sely 
spaced values of N 

Che fit indicates a value of D,=7~ 10" cm 
sec and N=1-5 x 10” atoms or a sodium yield 
f about 2 per cent. The value of D is con- 
sistent with theoretically extrapolated values 
of D, at the altitude in question. Furthermore. 
since ft, ~1/D small changes in D shift the 

maximum of the curve along the f-axis in a 
sensitive fashion. 


A separate determination of the cesium yield 
has been obtained by observing the disappear- 
ince time of its second principal line. When 
large amounts of a material are released, the 
cloud expansion can in some cases be studied to 
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21 May flight Utilizing the optical data, our 


> 


MINOR AXIS DIMENSION 


2) MAY 1958 


TIME AFTER RELEASE (seconds 
Fig. 3. The time variation of the minor axis 
optical diameter is indicated by the circles. The 
dashed and solid curves are theoretical curves for 
two different yields but the same diffusion co- 


efficient 


greater advantage by observing the growth 


photographed in the second principal line. This 


is because such a photographed contour line of 
constant density per act its 
maximum ex r if 
eartier inter als sinc tn 


line The process is thus less e sd by 
uncertainties caused by the changing sk 


background 


Using equa ) for tl f 
tr wr if in) ef 
cloud and the observed fusio D 
the yield for ces 1 vapor for May : 
flight was determ 1 Th 
in 4557 A las for pout 1340 ra 
Table 1). If the ratio of optical cross-se 
for the first and second resonance of 
recorded contour line rresponded to about 
3x atoms/cn iumn. He 
number of cesium atoms released is about 10 
or about 3 per cent of the origina Chis value 
could not be checked with a similar determina 
tion using the photographs in the first line of 
cesium at 8521 A since the cloud remained op- 


tically dense (in 8521 A radiation) throughout 
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the photographic time interval. The photo- 
graphs in 5890 A and 3300 A taken with the six 
camera bank were also used to determine the 
sodium yield in a similar manner. These were 
in agreement with the values established earlier, 
but were less certain due to the uncertainty in 
the timing of the individual exposures. How- 
ever, it is to be noted that in the use of sodium 
as a “doping” agent for determining yield (by 
observation of the 5890 A line), the assumption 
was made that the chemistry of sodium and 
cesium are similar. Here, the validity of this 
assumption is verified since the yields of both 
cesium and sodium have been ascertained 
independently and found to agree. These 
models are applicable only if D, and the ratio 
\ /K are constant with time. 


(ii) Wind shear. The previous section has 
omitted any analysis of the effect of distorting 
forces on the cloud. But it is evident that 
distorting forces are present since the photo- 
graphs show an initially spherical cloud 
becoming ellipsoidal with time. This effect is 
attributed to wind shear at the cloud position. 

The shear effect may be described by the 
following equation: 

on 


~ 


en 
DV*n—w( ) where (8) 
CX 
n=number of particles /cm* 
D = diffusion coefficient, cm 
taken 


sec 
w=wind velocity, parallel to 
Y-axis, cm/sec. 

The treatment of this equation will be included 
in a forthcoming paper on optical growth"”’. 
Here, a more crude model is employed but one 
which gives a good qualitative fit to the data. 

The photographed image size of a cloud illu- 
minated by resonance scattering is a complica- 
ted function of viewing angle, optical density 
of the cloud, film sensitivity and exposure time 
as well as background light intensity. For the 


purpose of determining shear a simplification 
is available since it is convenient to consider 
only the relative values of the minor to the 
major axis of the elliptical image. 

Consider that the cloud in the absence of 
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shear would expand spherically with the 
diameter 2d,(t) identical with the optically 
observed minor axis. If 4 is the coefficient of 
shear then a differential velocity of the cloud 
extremes (top edge to bottom edge) is given by 


Vaite = 28d, (t) (9) 


and the elongation S, as viewed from below if 
the upper altitude winds are horizontal is given 
approximately by 

S,=§ vandt (10) 


if the minor axis remains reasonably small 
compared to the elongation. This simplified 
model has the advantage of not being sensitively 
dependent upon the absolute values of the 
cloud dimensions nor on the isophote (K-value) 
followed. 

The procedure has been to approximate the 
observed minor axis 2d,(t) by a linear 
expression 


2d,(t)=a+ bt (11) 


In the case of the 35 mm camera (item 4, 
Table 1), data for 22 May 1958, 
‘ 42 
2d, (th=14+ t (12) 
Then the shear produced major axis as observed 
from below is given by 


S,=c (13) 


where the constant of integration c, is selected 
to provide a fit for initial values of time. 

In Fig. 4 is plotted the variation with 
time of the minor axis on the left hand graph 
and on the right hand graph the variation with 
time of the major axis together with the predic- 
tion of equation (13) for data taken with the six 
camera bank. From these, a value of 6=1:1 
x 10-* sec~' is obtained. It is assumed in this 
model that the observed minor axis (lateral 
expansion) is equal to the vertical expansion. 

Similar plots have been applied to the 
Lumicon data. It is recognized that the abso- 
lute cloud dimensions cannot be determined 
accurately from the Lumicon, due to the 
numerous changes in the Lumicon sensitivity 
control during the time observed and due to a 
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35 mm_ CAMERA (5890 A FILTER) 


22 MAY 1956 
\4 


MINOR AXIS DIMENSIONS (km) 
MAJOR AXIS DIMENSIONS (km) 


2002 036 1001802003 
TIME AFTER RELEASE (seconds) 

Fig. 4. The solid dots and circles represent the time 
variation minor and major axes optical diameters, 
respectively. The two curves show the best theo- 
retical fit and indicate a wind shear of 1 10-2 


sec}. 


lack of calibration of the photographic film. 
However, the errors involved are not serious 
when relative values for the minor and major 
axis are recorded simultaneously. Data from 
the 22 May flight yield a shear constant of 


1:0 10°* sec™' in agreement with the above 
while the value obtained for 21 May was 
6x sec™'. These values are consistent with 


those obtained by Manring.”’ It is also recog- 
nized that the rate of diffusion will be a func- 
tion of the cloud shape itself, but this effect is 
ignored in the above model. Another assump- 
tion is that shear does not effect the growth 
of the minor axis. Yet, despite these limitations 
a reasonable plot is obtained for the concomi- 
tant variation of the major and minor axis 


4.2. Radar, C-3 data analyses 

Analysis and interpretation of radar data is 
confined to the C-3 results as shown in Figs. |! 
and 2, since it is felt that these are the data most 
amenable for such analysis. Valuable informa- 
tion is obtained concerning diffusion, yield and 
thermal-ionization efficiency. For this, a more 
precise mathematical formulation is employed 
here than that which was utilized in Paper 
Ill of this series. In addition, a geometric 


model is employed to obtain a wind velocity 
determination at 128 km; this is shown next. 
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(i) Wind velocity. The data shown in Fig. 2 
can be utilized for surprisingly accurate wind 
velocity determinations. The smooth varia- 
tion of the observed slant range with time, and 
the character of the curve with a shallow mini- 
mum suggest the geometry depicted in Fig. 5, 


RELEASE 


c-3 
STATION 


Fig. 5. Schematic representation of geometrical 
determination of winds from C-3 slant rangs vs. 
time plot. 


where the positions of cloud release and C-3 


stations are included. This model can be 
described mathematically by the following 
expression: 
S=[S,? + vt (vt —2S, cos 4,)} (14) 
where S, =initial slant range 
S=slant range 
6,=angle between cloud velocity 
vector and initial position vector 
from cloud to C-3 site 
v=wind velocity. 
Horizontal winds of constant velocity are 
assumed. 


A best fit to the data was obtained for a 
v-value of 140 m/sec; the curve is shown as 
the solid line in Fig. 2. The excellent fit be- 
tween the experimental points and the theoreti- 
cal curve seem to corroborate the notion of 
horizontal winds with constant velocity. The 
velocity reported here for 128 km is consider- 
ably greater than those previously determined 
in a similar manner, namely, 60 m/sec and 78 
m/sec at 95 km"® and 121 respectively. 
Concerning wind direction, it is clear from Fig. 
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5 that an ambiguity exists on the basis of these 
data alone. However, visual observations dic- 
tated the choice of wind direction as 87 degrees 
rather than 293 degrees. In summary, the wind 
determination indicates a horizontal, constant 
wind velocity at 128km of 140 m/sec from 
87 degrees 


(ii) Diffusion, yield and ionization efficiency. 
In a previous paper” a derivation was given 
for an approximate solution of the mathema- 
tical equation which governed the time varia- 
tion of the radar backscatter frequencies. In 
order to obtain this solution the ambipolar and 
neutral diffusion coefficients were equated and 
the effect of photo-ionization during the rapid 
This neglect 
of photo-electrons during the rapid expansion 
phase is valid for the case of potassium, but 
requires more careful analysis for cesium be- 


cause its photo-ionization probability is over 


thirty times greater. In the more precise 
development below we include these effects 


and limit the solution to the center point solu- 
tion for the diffusive phase since there is very 
little variation in density for at least several 


radar wavelengths in the neighborhood of the 


It should be repeated that in this paper as in 


Paper III the only factor causing a decrease 
hal the ] ctron entration 16s diffusi Tal De- 
cay nrocesses su h itt hment. rec ym bina- 
nm. etc ire not rently ist TH the 
concentration of electr sionific intl, for the 


time constants associated with the effects 


here 


‘ring equations* are given by 


= D..V?n—kn (15) 
cf 

cn on 

D.V?n, + kn (16) 
ct 


where m=concentration of neutrals /cm 
n.=concentration of electrons /cm* 


* The mathematical solution of the differential 
equations is due to Dr. Herbert K. Brown, Geophysics 
Corporation of America. 
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D,,=neutral diffusion coefficient, 


cm? / sec 
D,=ambipolar diffusion coeffiicent, 
cm’/sec 
k=photoionization probability per 
sec. 


In order to analyze the initial blast phase we 
replace the D, and D, by some arbitrary D, 
representing a forced expansion identical in 
nature for both ion-electrons and the neutral 
species. If ¢,, represents the duration of the 
blast we select D, so that 

(17) 


where r, represents the Gaussian half-width of 
the cloud at time ¢,. The solution of these 
modified equations for t=1, then represent the 
initial conditions for the second diffusive phase 
represented by the original unmodified equa- 
tions, (15) and (16). The blast solutions for 


are 
N exp (—Ar,) r 
n(r.t.) exp ( (18) 
n.(r,t,)= } 
2 
exp ( ) (19) 
where N=the total number of atoms at 
1—0 


N.=cN, total number of electrons at 
where 


c=thermal ionization efficiency 


All the other symbols remain the same. The 
expression N[l—exp(—Ar,)] represents the 
If we put N=1~ 10** for the 
number of cesium atoms as estimated by optical 
data (and later the fit to the radar curve) 
and set N.=1x10*' for a thermal efficiency 
ionization of c=10-° as found on previous ex- 
periments and on thermo-chemical grounds 
we find that photo-electrons represent about 
one-third of the total electrons at t,=0°5 sec. 
The estimate of f, was experimentally deter- 
mined from the Lumicon photographs (8 
frames /sec) and also agree with the notion of 
thermal velocities. The above solutions now 
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represent the initial conditions which apply for 
determining the center point solutions for the 
normal diffusion phase. These are given for a 
t'-scale for which =0 when t=1,. 
r l 
0 : 


o m?!? 


* 


km 
4(D,—D.,) ( 
m=(r?+4D1), p=(r?+4D,1), 
N 
which represents the initial electron center 
density at f=0. The plot of this equation is 
given in Fig. 1 together with the C-3 data; the 
numerical values of these parameters which 
gave the best fit were found to be 


D, 


where and 


n, 


*/sec 
cm*/sec 


10°* particles 
5 x 10-* sec~' 

7 x 10°/cm* 

3 x 10* cm 

10-° 


2 
4:2 » 
6 


The values of r,* and N were selected on the 
basis of the optical determinations and were 
constrained by the necessity of matching the 
experimental value of m.. The value of N, 
was determined from thermo-chemical con- 
siderations*’ and on the basis of past 
experimentation.” The value of k is 
considered fixed as discussed previously.” 
There now remains the problem of evalua- 
ting the significance of this model and the 
parameters determined from it. In the previous 
model given in Paper III’, for purposes of 
mathematical simplicity, no differential diffu- 
sion between ion-electrons and neutral species 
was considered to occur. The solution depen- 
ded upon selecting a D, such that D,.<D,<D, 
where D, and D, were theoretically determined 
values and assuming that the charged and 
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neutral species diffused in accordance with an 
effective D,. Analogously, a D, of 9x 10’ 
cm*/sec can be fitted to the present data; this 
value also lies between D, and D2,. 
Values obtained above using the 
present more sophisticated model, specific 
allowance is made for the differential diffusion 
of charged and neutral particles. The present 
values of D,, and D, were determined subject to 
the limitation that D,>D, and that the 
D,,/D, ratio was to be less than twenty. 

The magnitudes of the experimentally deter- 
mined diffusion coefficients precludes a turbu- 
lent diffusion mechanism since the expected 
turbulence coefficients at this altitude should be 
orders of magnitude greater. Clearly, no 
conclusive statement is justified on the basis of 
this treatment alone. However, an experimen- 
tal check is available to definitely establish this 
point. The suggested experiment would 
involve the twilight release of barium atoms 
and ions into the upper atmosphere in order to 
observe their visible resonance radiations so as 
to determine the individual dynamics of the ion 
cloud in comparison with that of the neutral 
cloud. 


5. CONCLUSIONS 

It is felt that this work has established the 
value of simultaneous radio-radar and tracer- 
optical measurements for the determination of 
the basic parameters and the elucidation of the 
physical processes active in the growth and de- 
cay of artificial electron clouds. There has been 
developed a simple formula for determining 
wind which, though it possesses an ambiguity, 
fits the data adequately. The more sophistica- 
ted analysis of the radar data using the 
independent diffusion of the charged and 
neutral particles shows some improvement over 
the simpler model where differential diffusion 
is ignored. Both the models, one with D.. the 
other with D, and D,, do not seem adequate to 
explain the data at r>800. Whether this is 
due to unreliable data or indicates the need of 
introducing a diffusion coefficient varying with 
time or shear is not established. 

An optical model is employed for the deter- 
mination of the chemical yield and the diffusion 


| 
10 
D, 11) 
N 
k 
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coefficient. It suffers in this experiment from 
the lack of calibration but is capable of yielding 
accurate results. 

D. and D, (optically) are in fair agreement 
with the theoretical neutral diffusion coefficient. 
In addition D, and D, determined by radar 
are also in fair agreement with estimates 

The further development of these experimen- 
tal techinques and mathematical methods 
should greatly increase our understanding of 
artificial electron clouds. 


REFERENCES 
F. F. Marmo, L. ASCHENBRAND and J. PRESSMAN, 
Planet. Space Sci. 1, 227 (1959) 


F. F. Maro, J. PressMan and L. ASCHENBRAND, 
Planet. Space Sci. 1, 291 (1959). 

F. F. Marmo, L. ASCHENBRAND and J. PressMaAN, 
Planet Space Sci. A 306 (1959). 

J. PressMaN, F. F. MarRMo and L. ASCHENBRAND, 
Planet. Space Sci. 2, 17 (1959). 

J. F. Bepincer, E. R. MANRING and S. N. Guosn, 
J. Geophys. Res. 63, 19 (1958). 

R. Penporr, J. Met. 4, 152 (1948). 

To be published 

A. DALGARNO, private communication. 

E. R. Manrino, J. F. Bepincer, H. B. Petit and 
C. B. Moore, J. Geophys. Res. 64, 587 (1959). 
F. F. Maroo, J. Pressman, L. ASCHENBRAND, A. 
Jursa and M. Ze.ixorr, J. Chem. Phys. 25, 187 
(1956). 


3. 
4. 
5. 
6. 
9. 
10. : 
1. 
a 
a 
vag 
~ 
: 


Planet. Space Sci. Pergamon Press 1960. 


Vol. 2, pp. 187-192. 


Printed in Great Britain. 
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Abstract—A report is made of the results obtained from a second period of operation of an 


extensive shower monitor located at Chacaltaya, 


Bolivia The results are consistent with 


those obtained during the first period of operation, namely, a variation of the order of 1 
per cent at 19-0 local Sidereal Time for the high energy showers, and no variation for the lower 


energy showers recorded. 
these results. 


An experiment, monitoring high energy 
showers has been run at Chacaltaya, Bolivia 
(5220 m elevation above sea level, 16°S geo- 
graphic latitude). The detecting equipment 
consists of four GM trays located at the corners 
of a 20 m squaret. The results obtained over 
a period of 230 days reported by Escobar et 
al."’, indicated a diurnal variation with an 
amplitude of 0-88 per cent at 16-9+1-3 
Local Sidereal Time for showers whose most 
probable energies were calculated to be 2 x 10’ 
eV (fourfold coincidences). while for showers 
of 5x10'* eV (threefold coincidences) no 
appreciable variation was found. 

This experiment continued for an 
additional period yielding 185 days of useful 
data. 

Figs. 1 and 2 show the solar daily variation 
of the threefold and fourfold coincidences, 
respectively, during the first, second and total 
periods. It can be seen that, considering the 
statistical deviations, there close agree- 
ment between the results of the two periods. 

The harmonic coefficients for the curves in 


was 


is a 


* On leave of absence from the Physical Research 


Laboratory, Ahmedabad, India, under UNESCO 
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+ The complete details of the equipment and its 
operation are described in Resumen de Labores 1956 
57. UMSA-CBPF publication. This equipment was 
loaned by the Laboratory for Nuclear Science of MIT, 
Cambridge, Mass. 


187 


It is shown that the pressure correction applied does not affect 


Figs. 1 and 2 are given in Table 1. The 
pressure coefficients of the counting rates, cal- 
culated for the different periods, are also shown 
therein. In view of the errors, the coefficients 
for the threefold and the fourfold rates could 
be considered as being the same; however, in 
the total data, which show 0-98 correlation 
between shower intensity and pressure, the 
fourfolds appear to have a lower pressure 
coefficient than the threefolds, in agreement 
with the previous report. 

In Fig. 3 the sidereal daily variation is shown 
for the threefold rate, both uncorrected 
and corrected for the contribution of the four- 
fold rate. The are consistent with 
the earlier conclusion that no_ significant 
sidereal variation is apparent in the showers 
responsible for threefold coincidences 

Fig. 4* shows the sidereal variation of the 
fourfold rate and Table 2 the 
corresponding harmonic The 


data 


gives 
coefficients. 
dotted curves drawn in this figure represent the 
first harmonics obtained after all corrections 
have been applied. No second harmonic con- 
tribution is added, as the amplitudes of these 
harmonics are of the order of the statistical 
errors. 


* The results presented in Fig. 4 and Table 2, 


corresponding to the first period, differ somewhat 
from those given in Ref. (1). This is due to some 
computation errors which have been corrected in the 
present paper. 
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Fig. 1. Diurnal variation of threefold coincidences 
in solar time without any correction 
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Fig. 2. Diurnal variation of fourfold coincidences 
in solar time without any correction. 
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as that in the two different periods considered 
separately, and has not been nullified or reduced 
to a negligible value as has been the case in 
results reported by other workers. *) The 
time of maximum is 19-0+1-0 Local Sidereal 


Ist period 
% variation 


Ist period 
variation 


¢ 


2nd period 
% variation 
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-0-6 
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0-8 
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on 


Total period. 
variation 
ro) 


With pressure correction only 
With pressure correction and fourfold contribution 
subtracted 


9 ' 6B 8B 23 
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Fig. 3. Diurnal variation of threefold coincidences 

in sidereal time. 


Total period 
variation 


-0-2 
Fig. 5 shows the sidereal variation 


of fourfold coincidences with and _ without -0-4 
pressure correction. There is almost no differ- 
ence between the two sets of data, so that it is -08 . ontisidereal and smoothing correction 
evident that neither the pressure nor the | 
pressure coefficient used have materially ' 3579 8 &6 7 2 23 
affected the sidereal variation found. Local sidereal time 60° w 

It is to be noted that the fourfold sidereal Fig. 4. Diurnal variation of fourfold coincidences 
variation in the total data is almost the same in sidereal time. 
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comparision of data corrected for pressure and 
uncorrected data for the total period 


Time, which also corresponds closely with the 
time when the Galactic Center passes closest to 
the zenith of Chacaltaya. 

The consistency of the sidereal variation 
found is rather unexpected in view of the nega- 
tive results found by some workers" for 
primaries of about eV. Delvaille er 
showed that, in general, sidereal variations re- 
ported have the peculiar characteristic of having 
an amplitude of 3 times the standard error. The 


results for the two separate periods studied in 


this paper also come close to this relationship, 
but it is to be pointed out that the combined 
data has a somewhat larger ratio of amplitude 
to error. 


CONCLUSION 
A sidereal variation is consistently found at 
Chacaltaya for showers of energies about 
2x10" eV. This variation is of the order of 


08+0:2 per cent and occurs at a time closely 
approaching the nearest passage of the Galactic 
Center. 

Though this amplitude can be considered 
significant, being 4 times the standard error. 
and suggestive of a sidereal anisotropy, it is 
rather difficult to conclude its existence in view 
of the arguments of Delvaille er al. It is shown 
that the pressure correction has no effect on the 
anisotropy found. 
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Abstract--Evidence is presented to suggest that the f,E, value tends to be high at positions in 
the E.-layer where trough slope-lines and crest slope-lines of F2-layer irregularities meet the 
E,-layer. These slope-lines are drawn through the troughs and crests, respectively, of the 
characteristic kinks in the F2-layer ionization contours, which are associated with F2-layer 


irregularities 

A rotating-loop direction-finding system has allowed an estimation of the distribution of 
ionization, which gives rise to Sporadic-E echoes. Analysis of Sporadic-E occurrence, on two 
occasions, suggests that the reflecting surfaces are frontal in nature, the fronts having a 
separation from each other of some tens of kilometres, and probably existing as closed curves, 
with diameters of the order of several hundreds of kilometres. A possible association between 
these structures and the occurrence of the green line of the airglow, is discussed. 

A distribution of ionization, which will give contours showing “clouds” of ionization 
at some frequencies and a ripple structure at other frequencies, is proposed, in an endeavour 
to explain the apparent dual nature of Sporadic-E occurrence 

The evidence seems to indicate that the mechanism operating at the E.-layer level, producing 
the phenomenon of Sporadic-E, is the same as that which produces the F2-layer irregularities 
which are responsible for “Spread-F”’. 


1. INTRODUCTION dale (distant 355 km, and bearing 202° from 
Many aspects of the Sporadic-E phenome-_ Brisbane), and (ii) a transmitter at the site of 
non at a mid-latitude station, Brisbane, have the loops. The recording system incorporated 
already been described in the literature. a fast swept-gain of 2:5 sec period, and indica- 
(Thomas; McNicol and Gipps''*’). ted the azimuth-of-arrival of signals received 
This paper deals with a relationship between away from the vertical. Records were taken 
nighttime F2-layer irregularities and Sporadic- during June, July and August 1958, and for 
E occurrence, revealed from an analysis of most of the time a 180 ambiguity existed in 
ionograms. A rotating-loop direction-finding the recorded azimuth-of-arrival. However. 
system has allowed an estimation of the distri- from 3 August 1958, a sensing device was 
bution of ionization at the E-layer level, at the operating which solved the ambiguity on a 
time Sporadic-E echoes are observed. Rotating- number of occasions. 
loop records also gave statistics concerning 
azimuths-of-arrival of signals from E,-patches, 
and the lateral deviation of signals, reflected 
from the E,-layer, originating at a distant 


3. EXPERIMENTAL RESULTS 
(a) Association with F2-layer phenomena 
F2-layer ionization contours have been con- 


station 
structed from (N, h) curves derived from iono- 
grams by a method due to Schmerling™’. As 

2, EQUIPMENT an approximation, it has been assumed that all 
Details of the rotating-loop system have been signals are reflected vertically. It has been 
described in another paper This system was shown in another paper’ that the irregularities 


situated at Brisbane, rotated once every 2 min in the F2-layer, responsible for resolved range- 


and recorded simultaneously, on separate dis- spreading, are frontal in nature, their length 
plays, 3-84 Mc/s transmissions from (i) Armi- being of the order of 1000 km. Their cross- 
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section shows a kinking in the contours of 
equal ionization, the kink displaced 
horizontally with increasing height. Straight 
lines joining the corresponding points on 
successive contours have been called “slope- 
lines”. Of particular interest here are the lines 
joining the troughs and crests respectively, of 
the kinks in the contours. The directions of 
the “slope-lines” seem to be such that they 
represent a projection of the geomagnetic field 
lines on the perpendicular cross-section to the 
F2-layer front. The contour shapes produced 
by this method must be only rough approxima- 


being 


tions for those irregularities showing a steep 
rise in the laver level 

When isolated Sporadic-E echoes. of a few 
minutes duration, are recorded they are found 
to appear close to the points where the trough 
or crest slope-line of an F2-irregularity meets 
the level of the / Plate 5 of McNicol 
et al illustrates three examples of E.-clouds, 
two of which appear in the vicinity of F2-layer 
while the other has 
no apparent F2-layer association. The varia- 
tions of contours in the F2-laver 
have been calculated for these three cases. and 
are shown in Fig. |. A relationship between 
the F2-layer irregularity and Sporadic-F is 
shown in each case, even though the time dis- 
placements between the two phenomena vary 
considerably. The speed of movement is not 
Fig. 


lay eT 


resolved range spreading 


ionization 


known so the plots are not to scale 


True height 


ory 


Fig. 1. Association between single patches of Sporadic-E and F2-layer irregularities 
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shows that, at this particular time, the F2-laye: 
irregularity existed, but was probably not 
pronounced enough to produce resolved range- 
spreading signals. In Plate 5, Fig. 3 of’, 
the satellite trace is blanketed at a time when 
the plot shows the Sporadic-E patch to be 
situated between the F2 irregularity and the 
recording station 

A more detailed investigation of the associa- 
tion reveals that, at times, the f,E, value varies 
in such a way that it shows a peak in value at 
the base of both trough and crest slope-lines of 
the F2-layer irregularity, the crest slope-line 
f,E, peak being less pronounced. Fig. 2(a) and 
(b) shows this relationship for F2 irregularities 
# considerable size, the associated Sporadic-F 
existing for an hour or more. The occurrence 
of Sporadic-E from 00.00 to 02.00. on 27 
August 1958, illustrated on Fig. 3a) is shown. 
by the F2-layer blanketing, to be more intense 
at 4 points during the period. Fig. 2(c) 
indicates that these 4 positions appear to be 
associated with the slope-lines of two small- 
scale F2-layer irregularities 

During the investigation of this F2-layer 
Sporadic-E relationship, Sporadic-E patches 
were found which seemed very likely to be 
associated with an F2-layer irregularity, but 
occurring earlier than the expected position at 
the base of the slope-lines. Fig. 4(a) shows an 
example of this aspect of the phenomenon 
(Fig. %b) is the ft record in this case). The 


40 = 
\ 24:52) 13.352 
AN 
\ | 
\ 
\ 
\ | a 
0 0230 0300 


SOME ASPECTS OF SPORADIC-E AT MID-LATITUDES 


Fig. 2. Association between double patches of Sporadic-E and F2-layer irregularities 


rity is the only large-scale one of the irregularity is the only one of its scale, for the 
| the Sporadic-E patch, the first occur- night; also the Sporadic-E shown was the only 
hr. In Fig. 4b), again the F2 patch observed during the night. The duration 
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of the F2-layer and E,-layer phenomena are 
approximately the same here. Fig. 4(c) illus- 
trates that the E, occurrence is not always early 
when the F2 irregularity is a large-scale distur- 
bance with a steep height rise (Fig. ¥(c) is the 
ht record in this case) 

During the course of work investigating F2- 
layer irregularities, 35 plots were made of con- 
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tour variation. On twenty occasions Sporadic-/ 


was found at or near the slope-lines. These 


consisted of two cases of a single patch at the 
foot of the trough slope-line; six cases of a 
single patch between slope-lines, and twelve 


cases of an enhancement of f,F£, at the bottom 
of both crest and trough slope-lines. Of the 
other fifteen cases, five had E, (indicating an 


0400 


Fig 4 F2-Layer-Sporadic-E relationship ; 


0500 


0600 


(a) and (b) where Sporadic-E occurs before position of slope-lines ; 


(c) F2-layer irregularity showing marked height rise with Sporadic-E near the slope-lines 
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apparent association with the F2-layer in a 
manner similar to Fig. 4(a) and (b)) occurring 
before the position of the slope-lines in the 
E,-layer. The remaining ten cases showed no 
occurrence of EF, in the vicinity of the slope- 
lines. For the twenty cases where E, occurs 
near the slope-lines the average rate of height 
rise of the F2-layer irregularity was 0°67 km 

min whereas, for the five cases of E, occurrence 
before the slope-lines, the average rate of height 
rise was 0-88 km/ min. 

The F2-layer-Sporadic-F 
been investigated from the other 
Patches of FE, were chosen because of their 
isolation from other Sporadic-E 
and a plot made of the F2-layer ionization con- 
tour changes around the times of occurrence 
of these patches. Thirteen cases were investi- 
gated. In eleven cases the patch existed within 
10 min of the position of a slope-line from an 
F2-layer irregularity. In the 2 other cases the 
patches occurred 20 min before the position of 
slope-lines. 

Fig. 2(a) represents the F2-layer ioniza- 
tion contour changes of an irregularity respons- 
ible for resolved frequency-spreading (cf. Ref. 
(3) for definitions). Fig. 1I(b) illustrates an 
irregularity associated with resolved range- 
spreading whereas Fig. 4(c) the 
large-scale ionospheric disturbance reported by 
Heisler” and also reported as lenticels in”. 

Che similarity of F2 irregularity shapes in 
these cases, and the similar FE, association in 
each case, suggests that the nature of the 
ionospheric disturbance, for all three pheno- 
mena, is the same 


(b) Statistics from rotating-loop records 

(i) Azimuths-of-arrival at normal-incidence. 
The normal-incidence recordings of the 
rotating-loop system gave results indicating 
azimuths-of-arrival of non-vertical signals for a 
period from 20 June 1958 to 30 August 1958 
(inclusive). Sporadic-E traces, showing a direc- 
tional effect, can be classed intu two groups 
Azimuths-of-arrival are recorded when a patch 
of ionization, which been called an E,- 
cloud, approaches or recedes from the record- 
ing station. Also, when the Sporadic-F trace 


has 
direction 


association 


occurrence, 


represents 


has 
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shows a spreading in range” azimuths-of- 
arrival of the satellite echoes, constituting the 
spreading, are recorded. When the directional 
effect lasted for more than an hour. readings 
have been made every half hour. This method 
gave forty-three readings during the period of 
recording, fourteen from E,-clouds and the 
remaining twenty-nine from a spreading of the 
E,-trace. The fast swept-gain period of 2-5 sec 
was responsible for resolution of satellite traces 
in the case of a phenomenon in the F2-layer 
previously called unresolved range-spreading 

It has been effective in the resolu- 
tion of these diffuse Sporadic-E traces in all 
but five of the twenty-nine cases recorded. 
Resolution usually revealed three or more 
satellite traces, and Fig. 5(a) shows an example 
of this. As in the case of “Spread-F”, this 
resolution, and the indication of azimuths-of- 
arrival for Sporadic-E spread 
evidence for a frontal nature for the reflecting 
surfaces. Five cases were recorded where 
satellite echoes occurred on the two-hop E,- 
trace with little indication of it on the one-hop 
E.-trace. This is illustrated in Fig. 5(c) Fig. 
S(d) one of the few examples of 
Sporadic-E satellite traces recorded at oblique- 
incidence, and Fig. 5(b) that, when 
the spreading at normal-incidence is diffuse on 
rotating-loop records, there is still a suggestion 
some of the 


also 


echoes, is 


shows 


indicates 


of resolution on 
patches. 

Most of the azimuths have an ambiguity of 
180°, but a sensing device operated for a short 
period. The distribution of the 7 cases recorded 
in this period, where the ambiguity could be 
resolved, is shown in Fig. 6(e). Fig. 6(b) shows 
the distribution of E,-cloud azimuths; Fig. 6(a) 
the Spread-E£, azimuths and Fig. 6(c), a group- 
ing of Fig. 6(a) and (b); all plottings being 
made assuming the azimuth-of-arrival to lie 
between 240° through 360° to 060° (cf.). 
Fig. 6(d) is a similar plot for the azimuths-of- 
arrival of ““Spread-F”’ signals (a combustion of 
Figs. 8 and 12 of”. 


Swept-gain 


(ii) Azimuths-of-arrival at oblique-inci- 
dence. Azimuths-of-arrival of signals from the 
distant transmitter at Armidale have been 


’ 
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recorded when they were reflected from the 
E,-layer. At times, the azimuth recorded 
showed a deviation from the true direction of 
Armidale. Fig. 7(a) shows the distribution of 
azimuths for readings taken every 6 min, 
plotted in units of 74 he distribution shows 
a slight preference for westerly deviations 
Fig. 7(b) shows the distribution found for 
similar readings for the first F2-reflection when 
the oblique-incidence record shows no 
Sporadic-E signal. Fig. 7(c) shows the distri- 


bution for the same F2-trace when Sporadic-F 
signals are present on the oblique-incidence 


cases Of F2-layer signal 
deviations there is a marked preference for 
westerly deviations, but particularly when 
Sporadic-E is present, as here the peak of the 
distribution occurs at 74° W 


record. In both 


(c) Other features of Sporadic-F occurrence 
(1) Phase-path records. The nature of these 
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recordings has been described in’. An 
examination of these records shows that, on 
most occasions, a particular phase-path change, 
indicated from the record of the E,-layer, is not 
superimposed on the phase-path changes of the 
F2-layer This suggests that phase-path 
changes in the F,-layer are not due to changes in 
the amount of ionization below the E,-layer, 
but are possibly due to real changes of range 
of the reflecting surface. Fig. 8(b) shows an 
example of an E,-layer phase-path variation 
sometimes encountered. The periodic varia- 
tion suggests a rippled reflecting surface if the 
changes indicate true range changes. A rippled 
surface seems likely” to be responsible for 
“Spread-F” echoes in the F2-layer. True height 
changes suggested from Fig. 8(b) have been 
calculated at the turning points of fringe pattern 
variation, and are shown plotted against time 
in Fig. 9. If a speed of 240 km/hr is assumed" 
the horizontal dimensions are as shown. The 


Fig. 6. Distributions for normal-incidence recordings of azimuths-of-arrival. 
(a) For “Spread-E,"’ echoes, assuming azimuths to occur from 240°, through 


000° to 060 
to occur from 240 


(b) For reflections from Sporadic-E clouds, assuming azimuths 


through 000° to 060 


(c) Combination of (a) and (b) 


(d) For “Spread-F"’ echoes. (e) For Sporadic-E echoes when ambiguity of 
180° is resolved. 
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Fig. 7 
signals reflected from Sporadic-E ; 
no oblique-incidence Sporadic-E recorded 
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Oblique-incidence azimuths-of-arrival of signals from Armidale : 
(b) for signals reflected from F2-layer when 
; (c) for signals reflected from F2-layer 


E AT MID-LATITUDES 


J 


(a) for 


when oblique-incidence Sporadic-E is recorded. 


ertical scale has been made 20 times greater 
illustrate the effect. Plotted in 
vay, the ripples show a range change from 
igh to crest of roughly 0:25 km, have a 
‘length” of approximately 40 km, and 
» reflecting surfaces tilted from the horizon- 
ibout | 
‘n if this interpretation is wrong, and the 
changes are due to ionization 


this 


*-nath 


4 
0 40 


Distance 
in 


Fig. 9. Variation height of 


phase-path changes 


drifting across below the E,-layer, the periodic 
changes illustrated by Fig. 8&(b) are still 
interesting. 

(ii) Quasi-sinusoidal variation in _ the 
azimuth-of-arrival of Armidale signals. Further 
evidence of a wrinkled under-surface for the 
E,-layer, at certain times, is given by the quasi- 
sinusoidal variation of the azimuth-of-arrival of 


57 


km (assuring speed 240 km/hr) 


E.-layer reflecting surface, if 


of Fig. 8 (b), are assumed due to real 


changes in height. 
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signals, from Armidale, which are reflected 
from the E,-layer. This is similar to the effect 
found for the F2-layer but here, in the 
E.-layer, the oscillation is usually not as well 
defined. Fig. 10 shows an example of this 
variation lasting for about an hour, where each 
point plotted represents the average of six 
readings, | min apart. During the period of 
recording, twenty examples of this type of 
oscillation, for the azimuth-of-arrival of E.- 
layer signals, were found 


(iii) Pairine f E,-patches Sporadic-F 
patches not only tend to occur in pairs related 
to the one F2-layer irregularity (crest slope-line 
ind trough sl] ype-line patches). but also in sets 
of two apparently associated with different F2 
irregularities. Fig. 3(a) illustrates both types of 
pairing. July, August and September 1958 
3-84 Mc/s ht records have been examined for 
these phenomena. During this interval fifteen 
cases were found where the E,-patches appeared 
In groups of two separated by time intervals 
ranging from 30 min to 2 hr. Of these groups, 
nine cases indicated two groups of two at the 
operating frequency (3:84 Mc/s), in a manner 
similar to that shown in Fig. 3a) 


(iv) Heieht chanees in E.-patches The 
records suggest that, at times, particularly when 
the associated F2 irregularity shows a marked 
height rise, the height of reflection of the 
Sporadic-E patch related to the crest slope-line 
is several kilometres higher than that associa- 
ted with the trough slope-line of the same 
irregularity. However, this is complicated by 
the fact that the crest slope-line Sporadic-F 
usually appears to be of lower intensity than 


the trough slope-line patch Fig. Xb) shows 
20 2012 2024 2048 


Fig. 10 Quasi-sinusoidal variation of azimuth-of- 


arriva 


E,-layer, from 20.00 to 21.00 on 10 August, 1958 


of signals from Armidale reflected from 
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the E, occurrence as consisting of 2 patches 
the base of the second one being somewhat 
higher than that of the first. Fig. 3(c) illustrates 
the E, occurrence associated with the F?2 
irregularity illustrated in Fig. 4(c). Correction 
to the observed height for the echo-amplitude 
of the patch can be calculated from the 
formula, 4=(8—0-2W) km, where W is the 
width of the patch in kilometres The 
corrections for the two patches of Fig. 3(c), 
related to the F2 irregularity, indicate that the 
height of reflection of the second patch is 1 km 
lower than recorded, and that the first patch 
gives the true height of reflection. It is not 
possible to measure the observed difference 
accurately to | km, so it is difficult to determine 
whether or not the recorded height differences 
However Fig. 3(d) shows an 
example of one patch of E, being associated 
with a trough in the 3:84 Mc/s ionization con- 
tours of the F2-layer while a more extensive 


are instrumental 


patch seems to be associated with the subse- 
quent F2-layer height rise lasting for about two 
hours. Here the height difference is approxi- 
mately 10 km, and is real because the relative 
widths of the respective patches show that the 
corrections mentioned above will increase the 
observed difference. The variation of recorded 
height of the extensive patch of E, appears to 
be directly related to the change in height of 
the F2-layer. The true height of the 3-84 Mc/s 
ionization contour at 01.20 is 268 km, and at 
03.50 it is 297 km‘. so that the observed F2- 
layer height change is mainly a real change in 
the height of the layer at the frequency of 
recording 


(v) Spread-l 
ville 1952 ionograms were being examined for 
“Spread-F" phenomenon”, an interesting 
feature, relating to the Sporadic-F trace, was 
noticed. When the F,-trace showed a spreading, 
this spreading consistently started from a range 
approximately 40 km in excess of the first E,- 
trace recorded. Fig. &(a) shows an example of 


on ionoerams. While Towns- 


this There is a suggestion of a similar effect 
at Brisbane, with a 20 km excess range. but it is 
not well defined, and only occurs occasionally 
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(d) Plan position 
surfaces 

A special investigation has been made of the 
occurrence of Sporadic-E on the night of 11-12 
August 1958. Fig. I1(a) shows the nature of 
FE, from 23.00 until 00.40 on an h’t record at 
2:28 Mc/s, resulting from a swept-gain method 
of recording similar to that described in’. 
Here the gain is reduced every minute by 
54 dB in nine equal steps of 6 dB. During the 
periods 23.30-23.45 and 23.57-00.06 the Spor- 
adic-E blankets the F2-layer, and shows two- 
hop E,-traces. Normal-incidence rotating-loop 
records allowed a determination of the speed 
of approach of the leading edge of E,, 23.30 
(the time of onset of blanketing) being taken as 
the time at which the leading edge was over- 
head. The time when the blanketing ceased 
has been taken for the overhead position of the 
receding edge of the disturbance. The speed of 
approach and the speed of recession have been 
calculated from the rate of change of range on 
the rotating-loop record”. Fig. 11(b) shows a 
sample rotating-loop record of the disturbance 
approaching. The position of nulls for every 
half-rotation, and the displacement of the null, 
during the I-min period when the loops are 


of Sporadic-E reflecting 


unbalanced (cf.”’), indicate that the true 
azimuth-of-arrival for these signals is 190°. The 
records also gave the azimuth-of-arrival of 
signals as the disturbance moved away. The 


approach velocity was found to be 354 km/hr, 
010°. while the recession velocity was 351 
km/hr, 350 It is assumed, at this stage, that 
reflections are from irregularities, frontal in 
nature, and that the configuration of the 
disturbance remains the same for the period 
being investigated. Further, it is assumed that 
this Sporadic-E structure moves with a constant 
velocity. The velocity has been determined in 
Fig. 12 from the two components already 
calculated, and is found to be 360 km/hr, 000 
The period of recording on Fig. 11(a) corres- 
ponding with the six minutes of recording on 
Fig. 11(b) is indicated. 
(2:5 sec) of the rotating-loop record reveals that 
the disturbance gives 


The fast swept-gain 


four reflecting points 
This is not 


approaching the recording station. 
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360 km/hr 


351 kn 


000°; 


350 


Fig. 12. Velocity of movement of Sporadic-E 


structure on night of 11-12 August 1958, calculated 
from two components. 


obvious from the |-min swept-gain records of 
Fig. 11(a). 

The azimuth-of-arrival of Sporadic-E signals 
was found to vary considerably during the 
rotating-loop recording on _ this 
Table | shows azimuths-of-arrival for one-hop 
E, and M type E, echoes,"*’ at various times 
The horizontal displacements of the reflecting 
points are also shown when their ranges are 
well defined in the records. The 180° ambi- 
guity in azimuth readings was not resolved in 
most cases, and the true azimuths have been 
assumed as a result of subsequent plotting of 
the points. No oblique-incidence rotating-loop 
records were made during the period of this 
investigation. Fig. 13 shows a plot of the plan 
position of reflection points; or, when range 
information is not available, the azimuth-of- 
arrival is indicated. The configuration is 
regarded as remaining stationary and the 
recording station plotting points are moved 
with the velocity 360 km/hr, 000°. From the 
information plotted the reflecting surfaces have 
been estimated, and appear as roughly concen- 
tric circles, the outermost circle having a dia- 
meter of approximately 200 km 

A detailed investigation of Sporadic-E was 
also made for the night 27-28 July 1958. Fig 


occasion. 
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Fig. 13. Sporadic-E reflecting surfaces, estimated 
from positions of reflecting points for the night of 
11-12 August 1958 


14 shows the variation of F2-layer ionization 
contours from 19.00 until 01.00 on this night. 
Also illustrated is the f,E, variation during this 
period. The f,E, value of Sporadic-E appears 
to peak in the vicinity of the slope-lines from 
two of the large-scale F2 irregularities, indica- 
ted by the ionization contour variation. The 
same figure illustrates the occurrence of 
Sporadic-E on the oblique-incidence recording 
on the same night. The times of occurrence at 
the two reflection positions (vertically above 
Brisbane and 177°5 km from Brisbane in the 


Table 1. 


| Horizontal 
displacement 
of reflecting 
points 
(km) 


71 
96 
118 
145 


Azimuth- 
of-arrival 


Type of 
reflection 


120 
96 


118 
145 


78 
102 
116 
143 


direction of Armidale) appear to be related. 
Fig. 14 also shows times which represent the 
central positions of blanketing periods indica- 
ted on the 2:28 Mc/s and 3-84 Mc/s h’t records 
(Fig. 11(c) shows the 3°84 Mc/s information). 
Between 21.33 and 21.47 on the 3:84 Mc/s 
record the F2-layer is blanketed by the 
Sporadic-E. To determine the position of 
peaks in ionization density during this period 
the times (21.36 and 21.45), where the higher 
multiples of E, have been recorded, have been 
used. There is never complete blanketing of 
the F2-trace at oblique-incidence, but points 
are recorded about which the F2-layer signal 
strength is reduced by more than 20 dB for a 
few minutes. In Fig. I1l(c) the Sporadic-E 
occurrence at about 00.20 (associated with a 
crest slope-line) appears to be reflected from a 
higher level than the Sporadic-E at 23.30 (asso- 
ciated with a trough slope-line). 

Fig. 15 depicts the Sporadic-E satellite traces 
observed from 21.40 to 22.20 on this night. 
Azimuth readings, from the rotating-loop 
records, indicate a change in azimuth during 
the life of this set of divergent satellite traces. 
This has been interpreted as resulting from a 
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Fig. 14. lonospheric changes for the night 27-28 July 1958 showing 
(i) F2-layer ionization contour variation ; (ii) Sporadic-E information at 
normal and oblique-incidence; (iii) F2-layer blanketing information at 
normal and oblique-incidence. 


2210 


—_--- —<+— 10 km 
340° Azimuth 060° Azimuth 


Fig. 15. I!lustration of normal-incidence rotating-loop record on 27 July 1958, 


showing divergent Sporadic-E satellite traces between 21.40 and 22.20. 


-d front of reflection, similar to that illus- dale. In Fig. 17(b) the ionospheric irregulari- 
ted in Fig. 13. Components of velocity have ties are regarded as stationary, and the points 
calculated, from the rate of change of B, E, D, C and A. oriented in the Brisbane— 
nge, for the two sections of satellite traces Armidale direction. are moved with the velocity 
re the azimuth-of-arrival remains constant. of 380 km/hr, 010°. When the positions of 
true velocity of the reflecting system has strong oblique-incidence Sporadic-E signals are 
‘n calculated assuming the configuration to plotted along line D, it is seen that they occur 
retain its shape, and move with a constant adjacent to peaks of the f,E, value at Brisbane. 
locity. Fig. 16 illustrates this calculation, which occur 25 min later in time. The vertical- 
| gives a velocity of 380 km/hr, 010 incidence blanketing information is plotted 
Fig. 17(a) illustrates a vertical cross-section, along line B [aking into consideration the 
ugh the Brisbane-Armidale line, showing apparent peaks of Sporadic-E ionization 
sitions (C and E) where Sporadic-E can plotted along lines B and D. the oblique-inci- 
nket the F2-layer reflection, and the position dence blanketing points have been placed, at 
D) where Sporadic-E will give a reflection sig- the appropriate times, either on line C or on 
| at Brisbane for transmissidns from Armi- line EF 
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Fig. 16. Velocity of movement of Sporadic-E 
structure on night of 27-28 July 1958, calculated 
from two components 


The blanketing information is also shown on 
Fig. 18. In addition, horizontal displacements 
of reflection points for satellite E, echoes at 
21.28 and 21.47 are plotted; also plotted are the 
positions of reflection points used in the calcu- 
lation of the components of velocity. Fig 
1l(d) shows the rotating-loop recording of 
Sporadic-E around 21.28 and illustrates the 
changing azimuths-of-arrival for the satellite 
Sporadic-E signals. The distribution of points 
Fig. 18 is consistent with the E,-layer reflecting 
on structure consisting of a series of fronts, 
spaced roughly 25 km apart, and having marked 
curvature. The estimated position of these 
fronts is shown in Fig. 18; also on a smaller 
scale in Fig. 19. The rotating-loop recording 
terminated at 23.02. From 22.54 to 23.02, the 
normal-incidence recording showed a Sporadic- 
E trace falling in range from 140 km to 120 km, 
with an azimuth-of-arrival of 225° (or 045° due 
to the ambiguity of azimuth). Fig. 19 shows 
plotted the normal-incidence and oblique-inci- 
dence blanketing information from 23.00 to 
01.00, and the azimuth-of-arrival of signals 
from the rotating-loop record of Sporadic-E 
from 22.54 to 23.02. Points plotted in this 
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Fig. 17. (a) Vertical cross-section of E,-and F2- 

layer reflection conditions between Armidale and 

Brisbane. (b) Plan positions of, (i) Sporadic-E from 

oblique-incidence reflections, (ii) blanketing 

Sporadic-E patches recorded at normal and 

oblique-incidence, from 21.00 to 22.20 on 27 July 
1958. 


figure (Fig. 19) have been used to estimate the 
positions of reflection fronts passing overhead 
at Brisbane after 23.00, and these have been 
related to the fronts found in Fig. 18 by making 
closed curves of them. 

Fronts in the F2-layer have been found on 
this night with a spacing similar to that found 
here. The positions of these fronts in the 
F2-layer at 20.00 is shown in Fig. 11(b) of”. 
In addition, two-hop F2-layer satellite traces 
at 22.30 indicate an azimuth-of-arrival of 
330° or 150°. Four satellite traces are recorded, 
closely spaced, indicating small-scale ripples 
having low amplitudes (cf.'*’). 
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* Oblique - incidence portial blanketing 
© Normal-incidence blonketing 3-84 Mc/s 
© Normal-incidence blonketing 2:28 Mc/s 
® Shorp blonketing edge; rotating loop 
@ Reflecting points; rotating loop 

100 a8 


Fig. 18. Sporadic-E reflecting surfaces, estimated 

from the positions of Sporadic-E blanketing patches 

and reflecting points from 21.00 to 22.20 on 27 
July 1958. 


4. DISCUSSION 

(a) General nature of Sporadic-E from obser- 
vations 

The results presented in this paper can be 
summarised as follows. Ionization at the E,- 
layer level which is responsible for the 
phenomenon known as Sporadic-E seems to be, 
on most occasions, denser at positions in the 
layer down the slope-lines (trough and crest) of 
the F2-layer irregularities. Since the F2-layer 
irregularities appear” to be frontal, this im- 
plies a similar type of distribution for Sporadic- 
E. Further evidence for this is seen in the 
distribution of azimuths-of-arrival of Sporadic- 
E traces compared with the corresponding 
distribution for “Spread-F” (Fig. 6). The 
distributions are similar. Striking independent 
evidence is revealed in Fig. 7. Here the ten- 
dency for the azimuth-of-arrival of the F2- 
layer signal from Armidale to deviate from the 


x; @m Portial blanketing - oblique 
3-84 Mc/s blonketing - normal 
is] 2:28 Mc/s blanketing -normal 


Scole 


Fig. 19. Sporadic-E reflecting surfaces, estimated 

from the positions of Sporadic-E blanketing patches 

and reflecting points from 21.00 on 27 July 1958 to 
01.00 on 28 July 1958. 


true direction is very marked when Sporadic-E 


occurs on the rotating-loop record. This im- 
plies that, when Sporadic-E exists close to a 
point immediately beneath the F2-layer 
reflecting point, the probability of a wrinkled 

2-layer is high. Evidence for a frontal nature 
in the daytime E, records has been found by 
Harvey’, as on many occasions he records the 
Sporadic-E cloud receding in a different 
direction to that of its approach 

These results suggest, that, whatever mechan- 
ism iS operating to cause the characteristic 
kinks in the F2-layer, leading to the 
phenomenon of “Spread-F”’ described in™, 
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this same mechanism is operating simultane- 
ously at the E,-layer level. The positions of 
Operation in the respective layers seem to be 
joined, on most occasions, by the geomagnetic 
lines of force. Each F2 irregularity tends to 
give two associated reflecting patches of 
Sporadic-E but as the crest slope-line Sporadic- 
E patch is often weak or missing, a duplication 
in the E,-layer, of the number of F2-layer 
Satellite traces, may not always occur. The 
possibility that the crest slope-line Sporadic-E 
patch is a few kilometres higher than the 
trough slope-line patch (Section 3c(iv)) for 
large-scale F2 irregularities also suggests forces 
acting in the F,-layer in the same manner as 
they appear to act in the F2-layer. Fig. 20 
illustrates the proposed association of reflect- 
ing surfaces of satellite traces for the F2- and 
E,-layers. If this association is true it will not 
explain the occasional occurrence of Sporadic- 
E a considerable time before the position of the 
Slope-lines in the E,-layer (Fig. 4), and there- 
fore other factors would seem to be involved 
in these cases 

The occurrence of E£,-patches in pairs 
separated by 30 min or more, described in 
Section 3cfiii), is explained by ionization struc- 
tures of a nature similar to those of Fig. 13 and 


Fig. 19 


ioyer lieve 


‘ 


&.~loyer level 


Fig. 20. Proposed relationship between F2-layer 
irregularities and Sporadic-E occurrence 


Evidence presented in Section 3c indicates 
the possibility of the Sporadic-E ionization 
contours being rippled. The phase-path record 
analysed indicates a rippled surface with 
ionization contour tilts of the order of 1°. This 
is consistent with observations by Bramley 
who found tilts of this order in the Sporadic-E 
layer; also with the tilted Sporadic-E surfaces 
postulated by Thomas to explain double 
layer phenomena in the E,-region. Oscillation 
of the azimuth-of-arrival of oblique-incidence 
Sporadic-E signals, illustrated in Fig. 10, is also 
indicative of a rippled surface. An explanation 
for two-hop “Spread-F” echoes was made in a 
previous paper by considering ionization 
contours, having ripples with amplitudes so 
small that one-hop satellite traces were not 
possible. Fig. S(c) illustrates the same effect 
for the Sporadic-E layer. If a similar explana- 
tion is made here, it implies rippled ionization 
contours. The tendency for westerly deviations 
for the azimuth-of-arrival of signals from 
Armidale (Fig. 7(a)) could possibly be caused 
by one slope of the ripple being steeper than 
the other, as a result of the role the geomag- 
netic field might play in the creation of the 
ripples. Fig. 20 of illustrates this 

A rippled surface for the E,-layer is in 
distinct contrast to the ionization patch concept 
illustrated, for example, by the blanketing 
information used in Fig. 18. Fig. 21 is an 
attempt to illustrate a cross-section of the 
Sporadic-E layer ionization contours in the 
light of evidence presented in this paper 
Analogous to what is probably happening to 

ause F2-layer irregularities, forces are visual- 
ised which tend to move ionization along the 
lines of force, acting towards the ground at one 
part of the disturbance, and in the opposite 
direction at another. Further if such move- 
ments tended to cause a bank-up of ionization 
near the E,-layer level, this would give ioniza- 
tion contours at the higher frequencies (e.g. 4 
and 5 Mc/s in Fig. 21) which appear as 
“clouds” and ionization contours at other 
frequencies (e.g. 3 Mc/s in Fig. 21) which ap- 
pear as “ripples” 

If the Townsville “Spread-E,” phenomenon, 
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Fig. 21. Proposed distribution of ionization to explain the cloud-like nature and ripple 
nature of Sporadic-E occurrence. 


Fig. 22. Proposed distribution of Sporadic-E 
ionization in the plane of the magnetic meridian, 
aspects of ‘“Spread-E,"’ at 


to explain some 


Townsville 


illustrated by Fig. 8(a), is associated with fronts 


having an east-west orientation, the 40-km ex- 
cess range to the first satellite signal would 
represent the extra range to the E,-layer level, 
if propagation was along the geomagnetic lines 
of force rather than vertical. Tlonization con- 
tours, which might possibly explain this aspect 
of Sporadic-E, are shown in Fig. 22, where 
only satellite signals will be recorded when the 
angle of elevation of the satellite signal is 


equal to or less than the dip angle at Towns- 
ville (47°) 
(b) Direction of motion of _ irregularity 
Structure 

The F2-layer irregularity structure derived 
from rotating-loop measurements in‘? appeared 
to be moving in the direction 010 
(magnetic north for Brisbane). This Sporadic- 
E analysis has allowed an estimation of the 
direction of movement of Sporadic-E 
irregularity structures, one in the direction of 
000° and the other 010 he results of these 
few cases suggest that, in general, the direction 


two 


of movement is close to the direction of mag- 
netic north. Further evidence of this is 
contained in the paper by Bramley Here, 
measurements on a Sporadic-E cloud show its 
velocity as being 50 m/s, 135° for 
minutes, when it changed direction and speed 
to 33 m/s, 225 If it is assumed, as the 
results of this present analysis indicate, that the 
Sporadic-E reflections come from frontal 
irregularities, the true velocity can be deter- 


several 
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Fig. 23. Movement of Sporadic-E structure, 
assuming the two velocities recorded by Bramley''° 
to be components 


mined from these component velocities. This 
is found to be 60 m/s, 168° (Fig. 23), which is 
a movement approximately in the direction of 
magnetic south, at the locality concerned 


(c) Association with the green line of the 
airglow 

ecently '* airglow cells at the E,-layer level 
have been detected, with dimensions compar- 
able with those of the Sporadic-E disturbance 
derived in Fig. 19. Also, directions of travel 
towards the equator and speeds of move- 
ment*** are similar for airglow cells and 
Sporadic-E patches. It is therefore possible 
that the mechanism responsible for the redis- 
tribution of ionization, causing the phenomenon 
of Sporadic-E, is at the same time responsible 
for the green line of the airglow 
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Field aligned irregularities 
Aspect-sensitive-reflections along directions 
perpendicular to the geomagnetic field direc- 
tion have been attributed to columns of 
ionization, lying along the geomagnetic lines of 
force. It is possible that a movement of 
ionization along the lines of force, as suggested 
in this paper, will produce not columns but a 
sheet of concentrated ionization lying along 
the front of the irregularity at some angle to 
the vertical A cross-section of ionization 
distribution, in the plane of the magnetic 
meridian, which could possibly give aspect- 
sensitive-reflections is shown in Fig. 24 
When the cross-section of the front is outside 
the plane of the magnetic meridian, movement 
of ionization along the field might be expected 
to give a slope, which represents the projection 


(d) 


of the geomagnetic field direction on this cross- 
section. Evidence, that the slope-lines of F2- 
layer irregularities obey this relationship, is 
presented in Fig. 25 illustrates the 
relationship. Sloping fronts of this nature in 
the E,-layer will give reflections from direc- 
tions, which are away from the direction of 
the magnetic pole. The range to these irregu- 
larities will be indistinguishable from the range 
of reflections from columns of ionization 
(oriented along the field lines), situated away 
from the magnetic pole direction, when viewed 
from the recording station 
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Fig. 24. Proposed distribution of Sporadic-E ionization in the plane of 


the magnetic meridan giving ionization contours elongated along the 


geomagnetic lines of force and producing aspect-sensitive reflections. 
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Fig. 25. Relationship between geomagnetic field 


direction and slope-line orientation of F2-layer 


irregularities 
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satellite 


implied 


Normally the perigee of a satellite is the ob- 
ject of gradual and rather regular shiftings in 
declination (or latitude) and right-ascension 
Two kinds of rather slow periodicity in the 
decline of the orbital period are caused thereby, 
a day-night effect (the perigee sunlit or not) and 
a latitude effect 

In 1959 two satellites—1959 epsilon or Dis- 
coverer V, launched on 13 August, and 1959 
zeta or Discoverer VI. launched on 19 August 

offered good opportunities to evaluate the 
last-mentioned effect. On the other side. the 


day—night effect was rather limited: moreover, 


this effect is to some degree eliminated by the 
following procedure. It may be remembered 
in this respect that the lifetimes of the two 
satellites (46 days and 62 days, respectively) 
occurred around equinox and that the orbital 
inclinations were 80° and 84°, respectively 

Dealing with some satellite or other it is a 
well-known complication, that the decline 
dP dt in the nodal period P is dependent on 
the momentary value of P itself. The author 
has tried to eliminate this aperiodic effect by 
using the following expression instead of 
dP/dt: 


iP 
y= (1) 
dt 
P is here supposed to be in minutes, whereas 
the unit of ¢ is taken to be days (also units of 
longer duration may be chosen of course, for 
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AND LIFETIMES OF SATELLITES 
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February 


and Discoverer VI (both in 1959) offered good 
ifter elimination of the normal aperiodic decrease of the orbital period. Hereby, the latitude 
effect has turned out to mean deflections in the decrease of the orbital period about 20 per 
cent from the average Some consequences as to air pressure and lifetimes of satellites are 
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Abstract—-An analysis is made of the effect which manifests itself in the orbital period of a 
because of the latitudinal shifting of the perigee. The American satellites Discoverer \ 


»pportunities for such an analysis, especially 


instance when dealing with Vanguard satellites) 
In our case y has been computed for successive 
intervals of time (sixteen intervals for 
Discoverer V and fourteen intervals for Dis- 
coverer VI) and plotted against latitude = of the 
perigee. Application has been made of the 
{merican Space Track Bulletins after some 
control by visual sightings of the satellites, 
securing a sufficient degree of accuracy for the 
purpose in question 

During the above plotting the difference 
between Discoverer V and Discoverer VI ap- 
peared to be insignificant, and the following 
function, which reveals the effect of latitude, 
could be fitted to the plotted points: 


v=0:-27+0-06 cos 22 (2) 


It is seen that the equatorial value of y is 0-33 
and that the polar value of y is 021. It must 
be concluded that the proportion between air 
drag over the equator and air drag over the 
pole (in our case the north pole) is just 0:33 
0-21 or 1-57, when the distance from the earth’s 
centre is about 6570 km, i.e. the distance of the 
perigees in question 

Considering that the pole is 21:4 km nearer 
to the earth’s centre than a point on the 
equator,” the above factor 1:57 is fully ex- 
plained by a scale height of 47:5 km. meaning 
for instance that the atmospheric pressure 
diminishes by 50 per cent when the altitude 
increases by 33 km. Now, at an altitude of 
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about 200 km the scale height has just this 
order of magnitude Possibly the exact value 
of the scale height at this altitude is a little 
with the consequence that the atmo- 
Spheric pressure at the altitude in question is 
slightly less over equatorial regions than over 
regions. It may be mentioned in this 
connection that the atmospheric pressure and 
the density at an altitude of 175-200 km are 
10° times their values at the earth’s surface 

Equation (1) has an important consequence. 
By integration it can be transformed into 


less‘ 


m™ if 


r 3 (P—88y’* (3) 
ay 

where T is the time elapsing from the moment, 

when the nodal period is P min, until the mo- 

ment when the nodal period is 88 min, i.e. until 

It is seen that the 


the “death” of the satellite 

lifetime of a satellite can be computed rather 

simply, when both P and y (actually some mean 
ilue of y) are known. Taking 1958 delta two 


(Sputnik III) for instance, the relation may be 
ised in the analogous way as equations (1) and 
(2), vy and the two constants in equation (2) 


nearly thirds of the corresponding 


heing 
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An analysis of the Sputnik 
I1l-values is in operation but has not yet been 
brought to an end. It is hoped, moreover, that 
more extensive analyses will result in a general 
day—night factor in the y-quantity. 

Definitions published on earlier occasions, 


Discoverer-values. 


for instance by H. B. Wackernagel'*’, also yield 
information about lifetimes of satellites; but 
their starting points and their applicability differ 
from the formula presented here 
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Abstract 
investigated at high- and mid-latitudes 
magnetic inclination 
maximum, and 
between a magnetic inclination of 70 
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in inverse sunspot-cycle relationship exists 
and 80° with a fall-off either side. 
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OF THE 


The occurrence of the third (z-ray) component of the F2-trace on ionograms is 
Diurnal 
of the time of maximum occurrence 


a systematic shift, with 
Seasonal variations show a winter 
Maximum occurrence appears 


variations show 


Evidence is presented to suggest a z-ray association with “Spread-F” fronts, and a possible 


mechanism for the recording of the 


-ray trace at the transmitter site is described 


This involves 


longitudinal propagation of the o-mode at its normal reflection level, coupling at this point, and 


ultim te reflection for the -rav mode 


Spre d-F fr 


1. INTRODUCTION 
which have bee 
advanced explaining the third (z-ray) compo- 
nent of the F2-trace on ionograms, have been 
summarised and discussed by other workers" 
These include (i) coupling, with vertical propa- 
and (i) propagation along magnetic 
field lines, the return of the z-ray in this latter 
case being due to scattering The former 
hypothesis explains satisfactorily the observa- 
tions at geomagnetic latitudes greater than 70 
but only the latter seems capable of explaining 
the z-rays occasionally seen at mid- and low- 
latitudes 

An important contribution was made by 
Ellis’, who measured the direction-of-arrival 
of z-rays at Hobart (geomagnetic latitude 51°S) 
around the sunset period. He found that the 
observed direction-of-arrival of the z-ray com- 
ponent was in the magnetic meridian, the zenith 
angle being consistent with a ray-path tangen- 
tial to the magnetic field direction at the 
normal o-ray reflection level, assuming the con- 
tours of equal ionization density remained 
horizontal up to this level. Under such 


The various hypotheses, 


gation 


circumstances, coupling should lead to partial 
transmission (in the x-mode) to higher levels, 


is a result 


An association with V.L.F. emissions (“dawn-chorus’’) is discussed 
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of sloping ionization contours belonging to 


nts extending in directions perpendicular to the magnetic meridian 


reflection finally occurring at the upper X-ray 
reflection level Ellis postulates that, in 
addition to specular reflection (giving a ray 


which fails to penetrate the lower levels), 
scattering by small-scale irregularities, in this 
vicinity, gives a ray retracing its path 
Banerji* proposed a similar theory, without 


specifying a mechanism for the return of the 
energy 

The present paper summarises results from 
published data for some high-latitude stations, 
and also gives the statistics (derived from the 
original ionograms) of <z-ray occurrence at 
Hobart for 5 months of 1946. Fifteen years of 
ionograms (1944 to 1958 inclusive) have been 
examined for a mid-latitude station, Brisbane. 
for this phenomenon. During this period 313 
cases were found where a third trace exists on 
the ionograms, spaced in critical frequency 
from the o-ray approximately one-half the elec- 
tron gyro-frequency. In the phenomenon of 
resolved frequency-spreading (vide Plate 2, 
Fig. 2, of “’) it is possible that, occasionally, 
the satellite o-ray trace may be spaced by this 
interval from the main o-ray trace. However, 
if such a satellite exists, an X-ray satellite 
should also be visible, at least on some part of 
the record. This was not found for any of the 
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Station 


Clyde River 68:°6°W 
Churchill 58:8°N, 94:2°W 
Tiksi Bay 71-6°N, 128-9°E 
Macquarie Is. 54°5°S, 159: 0°E 
Hobart 42-9°S, 147:2°E 
Brisbane 27:5°S, 152:9°E 


cases cited. Other evidence also supports their 
identification as z-rays. 

The statistics of these occurrences are 
analysed in Section 2. In addition certain cases 
have been examined in detail, F2-layer ioniza- 
tion contours having been derived from 
ionograms obtained near the time of the 
z-trace occurrences. 


2. RESULTS OF ANALYSIS 
z-Rays at high-latitude stations 
Geographic co-ordinates, 


(a) 
(i) Introduction. 
geomagnetic latitudes and magnetic inclinations 


at the five stations, used in this section, are 
contained in Table 1. Similar figures for 
Brisbane (a mid-latitude station) are also in- 
cluded in this table. Results for Churchill and 
Clyde have been taken from Scott” and those 
for Tiksi Bay from Besprozvannaya and 
Lovcova ' Macquarie Island results come 
from the A.N.A.R.E. reports’*’. while the 
Hobart figures have been taken from the 
ionograms. 


(ii) Diurnal variations. Fig. 1 shows the 
diurnal variation of z-ray occurrence in 1946 
at Churchill, Tiksi Bay and Hobart. In the 
same figure the Macquarie Island diurnal 
variation is shown for 1951 (a year when the 
average sunspot number is not far removed 
from the average sunspot number for 1946). 
The local time of occurrence of the principal 
peak seems to undergo a systematic change 
with the magnetic inclination of the station, 
from about midday at Churchill (84°) to 06.00 
hr at Hobart (72°). 

(iii) Seasonal variations. For Macquarie 
Island and Hobart, the seasonal variation of 
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Table 1. 


Geographic coordinates 


Geomagnetic 
latitude 


Magnetic 
inclination 


72°N 84° 
68°N 84° 
61°N 80 
61°S 78° 
51°S 


/ 


Percentage 


Fig. 1. 
rence of z-rays at Churchill, Tiksi Bay and Hobart 
in 1946, and Macquarie Island in 1951. 


Diurna! variations of percentage occur- 


z-rays is shown in Fig. 2, revealing a winter 
maximum and a summer minimum in both 
cases. 

(iv) Sunspot-cycle Information 
available about the sunspot-cycle variation of 
z-rays at Churchill, Tiksi Bay and Macquarie 


variation. 
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Fig. 2. Seasonal variations of percentage occur- 
rence of z-rays at Macquarie Island (1953) and 
Hobart (1946) 


Island is shown plotted in Fig. 3. All three 
stations show an inverse relationship with sun- 
spot activity 


ccurrence 


Percentage 


2 


42 


Fig. 3. 
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Sunspot-cycle variations of percentage occurrence of z-rays at Churchill, 
Tiksi Bay and Macquarie Island. 


(v) Variation with magnetic inclination. 
The percentage occurrence of z-rays at Clyde, 
Churchill, Tiksi Bay and Hobart during 1946 is 
shown plotted against magnetic inclination in 
Fig. 4. The occurrence during 1946 at Brisbane 
(fifty-eight cases on ionograms taken at 15 min 
intervals) was so small that its displacement 
from zero cannot be perceived in the diagram. 

(vi) Nature of triple-splitting at Hobart. In 
the majority of cases the z-ray at Hobart 
appears on an ionogram as a clean single-line 
trace. But on some occasions this trace is 
duplicated in the same way as the o- and X-ray 
traces are duplicated (resolved frequency- 
spreading). At other times it apparently con- 
sists of a number of traces so close that the 
z-ray trace appears diffuse. Of the Hobart 
ionograms for September 1946, on which z-ray 
traces appear, the z-ray appeared clean on 82 
per cent; 2 per cent show the z-ray trace dupli- 
cated while on 16 per cent the z-ray appears 
diffuse. For 9 per cent of these ionograms the 
o- and X-ray traces appear as clean traces, 
resolved spreading is present on 4 per cent, 
while 87 per cent show unresolved spreading 
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[he relative occurrence of resolved spreading 
and unresolved spreading for this group of 
lonograms 1s comparable with that found at 
Hobart when all “Spread-F” ionograms are 
considered 

Fig. S(a) and (b) show clean z-ray traces 
with clean o- and X-rays, while Fig. S(c) and 
(d) show z-rays with o- and X-ray unresolved 
preading and resolved spreading, respectively. 
Fie. S(e) and (f) illustrate the duplicated and 


liffuse z-ray traces, respectively. 
(b) z-Rays at a mid-latitude station (Brisbane) 
(i) Diurnal, seasonal sunspot-cycle 


The diurnal variation (Fig. 6(a)) 
a gradual rise after midnight, with a 
imum just before ground sunrise. The 
nal variation (Fig. 6(b)) shows a winter 
mum, a small summer sub-maximum, with 
around the equinoctial periods. The 
maximum is biased towards the early 
year. Fig. 6(c) shows the z-ray 
rrence to vary inversely with the variation 
‘rage sunspot number 
Nature of triple-splittine at Brisbane. 
rtually every case of z-ray occurrence at 
ne the associated o- and X-rays show a 
ling of the trace. A detailed analysis of 
1944 shows that in 20 


f the 


urrence in 


per 


Fig. 4. Variation with magnetic inclination of the percentage occurrence of 
z-rays during 1946. 


cent of cases this spreading appears as resolved 
satellite traces. Again, when all “Spread-F” 
1onograms are considered, the ratio of occur- 
rence of resolved to unresolved spreading is of 
the same order as that found here for z-ray 
1onograms (cf. Ref. (11)). Occasionally the 
z-ray appears diffuse (Fig. 7(a)) but this is not 
nearly as pronounced as that found at Hobart. 
Fig. 7(b) and (c) show other examples of the 
Z-fay trace associated with unresolved spread- 
ing, while Fig. 7(d-f) show resolved satellite 
traces present at the same time as 2-ray 
occurrence. The nature of the traces on Fig. 
7(e) and (f) is such to suggest that the z-ray 
occurrence is related to the F2-layer irregularity 
producing the o- and X-ray satellite traces 


(c) F2-layer ionization contours during z-ray 
appearances 

(1) Hobart. Fig. 8(a) shows a plot of con- 
tours of equal ionization density on 4 July 
1946 derived from ionograms by a true height 
analysis by the Schmerling’*’ method. In con- 
structing these contours it is assumed, as an 
approximation, that all F2-layer reflections are 
vertical. Also plotted are the z-ray trace 
lengths indicated by the ionograms. (It is very 
seldom that the complete z-ray trace is present) 
If lines are drawn in the F2-layer joining the 
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Fig. 6. Occurrence of z-rays at Brisbane 1944-1958 (inclusive). lonograms available 


every 15’mini1944—July 1947 ; every 10 min July 1947-1958 


(b) Seasonal variation. 


position of troughs and crests, respectively, of 
the F2-layer ionization kinks, and these lines 
are extended to ground level, an apparent 
association between the upward slopes of ion!- 
zation contours and the occurrence of z-rays, is 
revealed. Fig. 8(b) shows a similar plot for 11 
August 1946 

The plot of F2-layer ionization contours in 
Fig. &(c) was made because of a single occur- 
rence of a z-ray trace at 17.30 on 25 July 1946 
(in the sunset period). Here there is a gradual 
rise in the ionization contours for 30 min prior 
to the z-ray occurrence. 


(a) Diurnal variation 


(c) Sunspot-cycle variation. 


(ii) Brisbane.  lonization contours have 
been drawn for 28 August 1953 from 20.20 
until 21.40 (Fig. 9). Resolved range-spreading 
traces appear for 21.42, and a z-ray trace ap- 
pears for the same time (Fig. 7(e)). The F2 
irregularity shown by Fig. 9 is very character- 
istic of the “Spread-F” irregularities reported 
in Ref. (11) 


3. DISCUSSION 
(a) Mechanism for return of z-ray 
It has been shown in Section 2 that evidence 
exists for associating the z-ray reflection with 


60 
| 
40} 
| 
| r = 
— - na - 
Seasone L | 
5 
| | 
| | 
20} 
f 
] 
Mor Mo — —- 
g 
cyce \ 
j 
7 
; | \ 
| 
\ 
7 
a 


Various aspects of z-ray trace occurrence at Hobart. 


4 
(a) (b) 
f | y 2 | 
. 
(c) (d) 
— 
(e) (f) 
Fig. 5. 
wing p. 218 


c 
= 
@ 
c 
v 
> 
N 
° 
~ 
a 
pe 
> 


A 
| 
(a) 
= 
of 
(f) 
— 
= 


2 


ls 
z. 8. (a) F2-layer ionization contours and z-ray trace lengths around 02.00 on 4 July 1946 at Hobart. (b) 
ayer ionization contours and Z-ray trace lengths around 02.00 on 11 August 1946 at Hobart. (c) F2-layer 


nization contours at Hobart around 17.30 on 25 July 1946, the time of an isolated occurrence of a z-ray trace. 
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F2-layer ionization contours apparently associated with resolved 


range-spreading and z-ray occurrence at 21.42 on 28 August 1953, at 
Brisbane 


the irregularities of the F2-layer which are res- 
ponsible for “Spread-F” (cf. Ref. (11)). For 
Brisbane, the diurnal, seasonal and sunspot- 
cycle variations for z-rays are very similar to 
those for “Spread-F”"”. For Hobart (Fig. 2) 
the seasonal variation is the same as that for 
“Spread-F” at this station'’’*; also for Mac- 
quarie Island (Fig. 2) the winter maximum 
and summer minimum of z-rays is the same as 
that found at high latitudes for “Spread-F”"** 
Also, the same inverse sunspot-cycle relation- 
ship exists at very high latitudes (e.g. at 
Churchill and Tiksi Bay on Fig 3) tor z-rays 
as that found for “Spread-F” and z-rays at 
mid-latitudes (e.g. at Brisbane on Fig. 6(c)) 
However, it has been shown” that “Spread- 
F”, at very high latitudes, varies directly with 
sunspot activity. (“Spread-F” at very high 
latitudes may be caused by another agency, 
perhaps incoming streams of protons, which are 
directly related to sunspot activity) 

These results suggest that the return of the 


z-ray results from a kinking of the ionization 
contours of the F2-layer such as is responsible 


for “Spread-F” at mid-latitudes. These irregu- 
larities are frontal in nature, extending some- 
times as far as 1000 km. If the fronts are 
aligned perpendicularly to the magnetic 
meridian the o-wave, which has been converted 
to an X-wave by coupling in the manner 
described by Ellis'’’, can possibly be reflected 
back along its path, in the plane of the magnetic 
meridian, because of the sloping ionization 
contours of the irregularity. The directions-of- 
arrival measured by Ellis’, around the sunset 
period, suggest that the ionization contours 
remain approximately horizontal up to the 
normal o-ray reflection level. However, all that 
is required is that the ionization contours 
should be so shaped that a ray, which is 
longitudinal at the normal o-ray reflection level, 
should be normal to the ionization contours 
when it reaches the vicinity of the z-ray 
reflection level 
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Fig. 10. Ray-path drawn in a model of ionization distribution similar to 
that shown in Fig. 8 (c), illustrating proposed reflection path for z-ray. 


Using the refractive index diagrams, drawn 
in Fig. 3 and Fig. 4 of Ellis’, ray-paths have 
een traced in model ionization distributions 
of two types. In Fig. 10 the contours are 
shaped somewhat similarly to those giving rise 
to a z-ray at 17.30 on 25 July 1946 (Fig. &(c)), 
while in Fig. 11 the ionization contours are 
similar to those for “Spread-F” irregularities 
In both cases ray-paths can be drawn giving 
longitudinal propagation at the normal o-ray 
reflection level and normal-incidence reflection 
of the z-ray at a higher level. These calcula- 
tions have been made for a magnetic inclination 
of 72° and a gyro-frequency of 1:5 Mc/s 
(Hobart). The wave frequency assumed was 
4:5 Mc/s. 

In Fig. 10 the angle of incidence is the same 
as that measured by Ellis'”’ in the sunset period, 
but in Fig. 11 the zenith angle of the incident 
radiation is somewhat larger. 

The diurnal variation of z-rays at Hobart 
(Fig. 1) is not the same as that for “Spread-F” 
at this station (Fig. 27 of Ref. 11). However 
this is not inconsistent with our hypothesis 


since only “Spread-F” fronts having a nearly 


E.—W. orientation would give z-ray reflection 


If these E—W. fronts are closely spaced it 
is possible that two or more paths for z-ray 
reflection can exist at the same time. This 
would seem to explain the duplicated and 
diffuse z-ray traces reported for Hobart in 
Section 2. 

The vertical-incidence coupling theory’: ‘ 
should give an increasing occurrence of z-rays 
as the magnetic pole is approached. The 
falling off of z-ray occurrence with magnetic 
inclination, shown in Fig. 4, suggests that this 
mechanism plays little part in the production 
of z-rays at very high latitudes. 


(b) Association with “Dawn Chorus” 

The diurnal variations of z-rays at Hobart 
and Macquarie Island are found to have similar 
distributions to those for V.L.F. emissions 
(“dawn chorus”) at these stations; also the 
variations of z-ray occurrence and “dawn 
chorus” occurrence with magnetic inclination 
appear similar'’*’. Further, the variation of the 
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Fig. 11. Ray-path drawn in a model of ionization distribution similar 


to that found for “Spread-F"’ 


irregularities, illustrating proposed 


reflection path for z-ray. 


time of maximum occurrence with geomagnetic 
latitude for z-rays is approximately the same 
as that found by Crouchley and Brice'’*’ for 
V.L.F. emissions 

It therefore seems likely that “Spread-F” 
irregularities, which have their frontal orienta- 
tions aligned perpendicularly to the magnetic 
meridian, are in some way associated with the 
reception of V.L.F. signals from the exosphere. 
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Abstract—On the basis of a 24-hr patrol of solar radio noise established since the beginning 
of the International Geophysical Year, an identification is attempted of those solar flares which, 
on account of their associated radio responses, most probably 
storn The 


were the cause of a geomagnetic 
cases for which we think the identification to be reliable are listed. It has 


ippeared that great integrated intensity of the radio outburst at centimeter, decimeter and 

velengths is the primary criterion for identifying the solar flares responsible. Most 
f these giant radio outbursts, to which we assigned the “radio importance” figure 3+, belong 
to the so-called type IV. Only a minor fraction of these events were accompanied by slow-drift 


bursts of type II. Of the importance 3+ radio outbursts about 60 per cent are clearly associated 


with the subsequent sudden commencement of a geomagnetic storm. Conversely, about 50 per 


nt of the sudden commencements of a storm can be related to an important radio event 
Some reasons, why in a particular case the storm—outburst association may fail to exist, are 


1oned 


1. INTRODUCTION II outburst constitutes the “first part” event, 
During recent years of great solar activity being followed by a strong rise of intensity, 
+ has become clear that the information on generally of type IV (“second part” event) 
solar radio outbursts associated with solar flares That a slow-drift burst might be the most 
is of great help in identifying those solar flares relevant indication of the passage of an auroral 
hich are held to be responsible for the sudden Stream through the solar corona has been advo- 
cated by Maxwell et al."*’. The frequency drift 
of these bursts may be interpreted as corres- 
ponding with an outward motion of a disturb- 
ing agent. According to this hypothesis the 
velocity would be of the order of 1000 km/sec, 
which is just about the order of magnitude of 
the velocity required to travel the distance sun 
earth in 1 or 2 days. The hypothesis might be 
tested by investigating whether there exists a 
systematic tendency of geomagnetic storms to 


mencement of geomagnetic storms. Studies 
levoted to the problem how to relate geomag- 
netic storms to flare-associated radio events 
have been published, among others, by Dodson 
and Hedeman"’ and by Sinno and Hakura.”* 
As there are various types of solar radio out- 
hursts, there is the interesting question whether 
f these types in particular is related with 

the process of expulsion of the corpuscular 
treams which cause a geomagnetic storm. In 
respect two types especially come into 


occur within a few days after the occurrence of 
a slow-drift burst. Maxwell er al. found that 
45 per cent of the slow-drift bursts recorded 
with the sweep-frequency equipment at Fort 
Davis (Texas) were actually associated with a 


‘ration : 
drift bursts (spectral type I]) with a 
luration of the order of 5 min, 
rong enhancements with a continuous  gybsequent geomagnetic storm 
spectrum (type IV) and a duration of 15 The problem of identification of the particular 
min or more solar radio event responsible for a geomagnetic 
two types sometimes occur in combina- storm meets two difficulties: 
th each other, as has been pointed out (1) If the observational material covers only 
years ago by Dodson et al.”’. The type part of the day one must allow for events 
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having occurred during the other part of 
the day. 

(2) If important radio events of different types 
(such as type IV or II) occurred in close 
succession some | or 2 days preceding a 
geomagnetic storm, it is hard to decide 
which one is to be related with the storm. 


2. CONTINUOUS PATROL OF SOLAR 
RADIO EMISSION 

The first one of the above difficulties can 
be overcome by a 24-hr continuous patrol of 
solar radio emission. At the frequencies 200 
and 545 Mc/s such a patrol has been established 
by our institution, the lonosphere and Radio 
Astronomy Section of the Netherlands PTT 
(Observatory Nera), in co-operation with the 
observing stations at Paramaribo (Surinam) and 
Hollandia (Netherlands New Guinea). The 
latter two stations are being run by the local 
telecommunications services. All the equip- 
ment in use at the three stations has been 
developed under the supervision of F. R 
Neubauer. Measurements at the two frequen- 
cies 200 and 545 Mc/s do not permit to decide 
whether or not a particular outburst should be 
classified as a slow drift burst. But they do 
make it possible to ascertain whether a radio 
event has been “important” or not 

We have supplemented our own data on 200 
ind 545 Mc/s with information on microwave 
frequencies, which is available from a world- 
wide chain of observatories, viz. the observa- 
tories at Ottowa, Tokyo, Toyokawa, Berlin and 
Nera The complete 24-hr information has 
enabled us to prepare a list of all flare-associa- 
ted radio outbursts that have occurred at one or 
more of the frequencies 200, 545 and 3000 Mc/s 
since the beginning of the IGY (unpublished) 
On the basis of the available information we 
have attached an importance rating to each 
radio event contained in the list. The category 
of greatest importance (which we call 3+) con- 
tains outbursts that occur with great integrated 
intensity at all three frequencies considered. 
Many of these importance 3+ outbursts belong 
to spectral type IV. Some of them, however, 
appear at metre wavelengths as a first part 
(possibly type IT) event or as a combined (first 
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+ second) part event. In most cases the optical 
importance of the pertinent flares is 3 or 3+, 
but some of the flares are of smaller 
importance. 


3. GREAT RADIO EVENTS AND SUDDEN 
COMMENCEMENT GEOMAGNETIC 
STORMS 
Many of the great radio events (importance 
3+) are followed, at time intervals of between 
19 and 60 hr, by a sudden commencement geo- 
magnetic storm. In a number of cases it is 
quite obvious that only one particular import- 
ance 3+ outburst comes into consideration as 
having been associated with the process on the 
sun responsible for the geomagnetic storm. In 
most other cases it is quite probable that the 
association is real. In a_ relatively small 
number of cases there is another, somewhat less 
important radio event which also comes into 
consideration for being related with a particu- 

lar geomagnetic storm 

rhough in individual cases one cannot always 
be quite certain about the reality of the 
association, the overall evidence strongly sug- 
gests that great solar radio events are the 
phenomena most closely associated with geo- 
magnetic storm sudden commencements 
(SSC’s). We want to stress that this is an 
association on the basis of the frequency extent 
and the total energy content at individual fre- 
quencies of the outburst 

Apparently, only a minority of these outbursts 
slow-drift characteristics [here are 
methods to verify the significance of the associ- 
ation statistically (De Feiter and Roosen’’) 
Their application, however, would lead us into 
too many details in the present context. We 
just summarize our findings, which pertain to 
“bona fide” SSC-storms. As such were con- 
sidered storms with maximum magnetic index 
K, greater than or equal to 5+, that were 
observed by a sufficiently great number of 
observatories. We adopted 60 hr as the 
greatest admissable delay between flare and 
SSC 
(1) Among the fifty radio importance 3+ 

events thirty-two, or 64 per cent, can be 
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Table |. Proposed Associations of Geomagnetic Storms with Solar Flares 


Storm sudden commencement Flare Affirmation 


Time ,max| 5 Reid and Leinbach'*) (0) 
om (U.T.) K, =K Time Position Hakura and Goh" (x) 
Maxwell ef + 
1957 

Apr. 17 31N 85E 
Apr. 18 t 27N 70E 
Jun 5-23 2! Si 9N 27E 
12N 21E 

42W 

30S 35E 

SID 

25N 2W 

1IN 26W 

1IN 3W 

1IN 7W 

25N 
278 38W 

24S 53W 

14S 

25N SOW 


NWN ww we NN Ww 


14W 
17S 60E 
14S 80E 
ISN S8W 
21S 67E 
16N 78W 
25N 8W 
23N 13E 
14S SOW 
ISN 265 
9W 
20N 54W 
10S 80W 
4S 22W 
28 


NNN WN NNN Ww 


13N 48E 
27N 85E 
20N 48E 
SID 
20N 66E 
16N SE 
ISN 30W 
10N 28E 
13N 32W 


225 
1958 
Feb. 11 01-25 ) 60 — Feb. 9 21-08 +; 28 re) x i 
Mar. § 05-37 7 38 Mar. 3 10-05 43 ; 
Mar. 25 15-40 6 32 Mar. 23 09-47 : 54 re) x 
Jun 4 21-47 5] x 
Jun 7 00-46 5 16-56 + 32 x 
| Jun 6 04-36 20 x 
Jul 8 07-48 9 62 Jul 7 00-20 t 31 oO x ‘ 
Jul. 21 16°37 7 39 Jul. 19 19-05 +) 45 - 
Aug. 17 06-22. 7 48 Aug. 16 04-32 26 x 
Aug. 22 02-27 6 31 Aug. 19 21-18 53 
Aug. 24 01-40 8 44 Aug. 22 14-17 35 o x 
Aug. 27 03-03 7 42 Aug. 26 00-05 26 o x 
Sep. 16 09-30 5 38— Sep. 14 08-22 49 x 
Oct. 24 07-30 7 49 Oct. 21 23-18 56 x 
Dec. 13 00-01 6 39 Dec. 11 18-02 30 x ‘ 
1959 
Feb. 14 11-42 37 : 
Apr. 9 18-29 33 
May 23-26 26 
Jun. 11 09-09 52 
Jul. 11 16-26 38 
Jul. 15 08 -03 28 re) 
Jul. 17 16°39 19 re) 
Aug. 16 04-04 + 49 ; 
Aug. 20 04-12 42 


related to an SSC-storm with a high degree 

of probability 

(2) Of the seventy-six “bona fide” SSC-storms 
thirty-seven, or 49 per cent, were the ob- 
vious consequence of a solar process that 
gave rise to an important radio event 

(3) The mean time interval between the out- 
burst and the associated SSC is 37 hr 

These results pertain to the period April 1957 

December 1959 


4. PROPOSED IDENTIFICATION OF SOLAR 
FLARES RESPONSIBLE FOR SUDDEN 
COMMENCEMENT GEOMAGNETIC 
STORMS 

In Table | we have listed those solar flares 
which, in our opinion, can be considered as 
responsible for a subsequent geomagnetic 
storm with a high degree of reliability aN 
number of these flares have also been mentioned 
by other authors (for instance Reid and Lein- 
bach’, and Hakura and Goh"). About these 
flares there evidently exists a communis opinio 
and one may be very confident that their 
identification is correct. Of some of the other 
identifications we may have been in error. Still 
we think that their number is quite small 

Comparing our data with the list of slow-drift 
bursts tabulated by Maxwell er ail.“ there are 
five cases of which we do not think that the 
cited events were responsible for the subsequent 
geomagnetic storm. These pertain to the sudden 
commencements on the following dates: 
1957: 17 Apr., 29 Aug.. 4 Sep. 1958: 11 Feb., 
17 Aug. The flares in Table | caused radio 
events which were more important than the 
proposed slow-drift bursts 

We do agree as to the sudden commence- 
ments of 1957, 18 April, 31 August, 31 Decem- 
ber and 1958, 21 July. The other sudden 
commencements of their list could not be 
related with radio events of great importance 

It seems that a proviso should be made to 
the delay of the magnetic storm relative to the 
outburst Judging from the minimum time 
delay (19 hr), found for the well-established 
SSC-outburst associations, we doubt if any 
identification implying time delays of say, less 
than 15 hr, is correct. For instance, we do not 
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think that the flare of 1957, 12 September, 15-6 
U.T. caused the SSC of 12 September, 21:54 
U.T., though the associated radio response was 
very great indeed 


5. DISCUSSION 
The fact that many sudden commencement 
geomagnetic storms correspond with great radio 
outbursts (generally belonging to type IV) 
seems to indicate that radio events of the 
greatest importance class are excited by the 
very corpuscular streams that cause geomag- 
netic disturbances on the earth. However, in 
almost 40 per cent of all cases an importance 
3+ radio outburst is nor followed within 60 hr 
by an SSC of some importance. One of the 
reasons, why in a particular case the pertinent 
flare fails to cause a geomagnetic storm, may be 
connected with the well-known effect of 
seasonal variation of geomagnetic activity 
Obviously, the conditions for the occurrence of 
geomagnetic storms are less favourable in the 
periods around the summer and winter solstices 
than around the equinoxes. In this connection 
we mention the following great radio events for 
which association with an SSC storm might 
normally have been expected: 
(a) Important radio flares which failed to 
cause a geomagnetic storm: 
11 May 1959, 20-06; 17 May 1959, 05-23: 
15 January 1960, 13-35 
(6) Important radio flares followed by a minor 
magnetic storm which did not meet our 
requirements as to strength and/or time 
delay : 
16 July 1957, 17-42; 24 July 1957, 17-12: 
14 December 1957, 12.45; 17 December 
1957, 07:34. 6 June 1958, 04-36: 23 
December 1958, 05-45 
Conversely, about one half of the geomag- 
netic storms cannot be related to a particular 
radio outburst of great magnitude. Still some- 
times there has occurred an important optical 
flare which might be considered as responsible 
In this connection we must allow for the 
possibility that a second part flare-associated 
radio event is inaccessible to observation 
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There are reasons to 


radiation at metre w 


believe that enhanced 
ivelengths may be screened 
y coronal structural elements, especially if the 
is Situated near the limb (Fokker'*’). 
in circumstances prolonged radio 
associated with corpuscular 
flares therefore might remain unobserved 
Every identification of the 


responsible for 


emission active 


solar process 
a geomagnetic storm is to some 
itive. Due to the multitude and 
y of solar phenomena one must be 
careful in drawing conclusions. In 
‘tion we want to emphasize one point 


rtrenl ir 


ne 


lifferent solar phenomena all have a ten- 
to occur during the same periods, when 
vity 1s on a high level 
is there is F 
menon X 
vill occur 


During such 
a fair chance that the solar 
which brings on a geomagnetic 

In this case there is also an 
ed probability of occurrence of other 
ry phenomena, A. B. etc Concentrating 


mm events of type A, we may find a quasi- 
rrelation with magnetic activity. For instance, 
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using the method of superposed epochs, one 
might find a spurious effect. An increase of 
the average magnetic index K,, some 2 days 
after the occurrence of events of type A, does 
not prove that these events are actually the ones 
responsible for magnetic disturbances. The 
only relevant procedure is to compare several 
superposed epoch diagrams pertaining to 
different categories of events. 
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release of cesium. The electron cloud was created by both thermal and photo-ionization. A 


lower limit for the effective duration of electron clouds for this kind of release was found to be 


70 km. The short duration at low altitudes is c 


aused by both the rapid chemical consumption of 


the cesium atoms thereby preventing photo-ionization and the rapid electron attachment 


followed by mutual neutralization. The coeffi 
10~-*-10-* cm®* sec The mathematical 


1. INTRODUCTION 

A previous paper in this series’ discussed 
the general considerations involved in the 
physics of low altitude (below 90-100 km) 
artificial electron clouds and in particular the 
generative and decay processes associated with 
the history of such representative electron 
clouds. Several cases were presented based on 
these theoretical considerations, and a simple 


analysis was made of those processes which 60 km would be performed However, if the a 
were more dominant (e.g. chemical consump- results of the 70 km release pr wed to be 
tion. recombination. electron attachment. etc.), negative. a release at 90 km would be attemp- 
at the low level in contra-distinction to those ted in order to complete this investigation 
other processes which were more important Additionally, a model of a reas ynably close 7 
sbove the 100-km regime degree of applicability has been set up and 
This paper reports on a series of three experi- analyzed mathematically so mat the previous 
ments that were performed for the purpose of exploratory analysis in effect, could be moved : 
studving the effect of low (below 100 km) forward to some extent for comparison with the 
altitude on the formation and history of experimental data where possible » 
artificial electron clouds. These flights were _ 
designed to investigate not only the effect of 2. EXPERIMENTAL FACTS . 
individual processes but also the earlier con- 2.1. Launchines 4 
clusion”? that there probably exists some lower Three Nike-Cajun rocket experiments were ; 
altitude below which the generation of a conducted in September 1958, at Holloman 
AFB, New Mexico, in which cesium atoms . 
* Formerly with Geophysics Research Directorate, Were released into the upper atmosphere. 
Air Force Cambridge Research Center, L.G. Hanscom Details pertaining to the chemistry associated 
This work has been partially supported under con- With the alkali metal nitrate-aluminum mix- : 


tracts: U.S. Army Signal Corps DA36-039-SC-78971 
and U.S. Army Signal Corps DA36-039-SC-78925. 

Original work was performed when authors were 
employed at GRD, AFCRC. 


cient of mutual neutralization is estimated to be 
del employed appears to be reasonably valid 


detectable, high density, long-lived, solar- 
induced artificial electron cloud could not be 
achieved with the experimental techniques 
employed here. The designed approach was as 
follows Ihe first experiment was to be 
conducted at 80 km and if positive radar 
detection results were obtained, a_ similar 
release at 70 km would be attempted. If the 
latter results were positive, then a release at 


ture’, the engineering techniques’, the 

canister design”, vehicle capabilities, etc., have 

been previously presented in detail in other 
228 
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Table 1. 
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Summary of Experimental Facts Pertinent to September 1958 series of Nike- 


Cajun Experiments 


Altitude of Time of 
eleas Date leas 
release (1958) relea e 
(km) (MST) 

69 16 Sept. 0931:59 
82 15 Sept 0933: 06 
91 18 Sept 0951:14 


papers of this series. Table | presents a sum- 
mary of the basic experimental facts concern- 
ing the three launchings. 


2.2. Optical detection 

[he three releases were conducted in the 
daytime since no attempt was made to accom- 
plish morning twilight experiments. In a 
previous paper’ in which optical and radio- 
radar data were correlated, a discussion per- 
tinent to the decided advantage of a visible 
cloud has been presented. Briefly, one can 
ascertain through optical and photographic 
techniques the precise altitude of release, winds 
and shear effects, cloud dynamics, chemical 
yield, etc. It was deemed important in these 
previous experiments to “dope” the clouds with 
sodium and to use the previously described 
optical detection techniques with a twilight 
release. However, for the present case in which 
relatively low altitudes of releases were needed. 
the existing sky background at the proper 
release time (at about earth sunrise) was too 
intense to render visible any cloud by the twi- 
light resonance effect for any appreciable time. 
More sophisticated optical instrumentation may 
have helped, but optical detection in any 
event was not considered of paramount impor- 
tance in this phase of the program 

In this particular series, it was especially 
important just to ascertain that a successful 
release had been accomplished at a certain 
altitude for the case of possible negative radar 
results. Consequently, another method of 
rendering detectable a release was attempted. 
This method consisted of generating a magne- 
sium oxide smoke bomb. In particular, a 


mixture of 360 gr of barium dioxide and 39 gr 
of Mg powder was set for a squib-initiated 


Release time Total chemical 


g-atoms 
after launch weight 
cesium 
(sec) (kg) 
59-6 27:7 
65°8 9-39 27:0 
76:0 10-60 30-4 


release about 3 sec prior to the two lower (69 
and 82 km) altitude cesium releases. It was 
considered that the small amounts of chemical 
used for this supplemental release would not 
affect the major release or subsequent photo- 
electron generation. In an attempt to 
photographically record the smoke bombs. a 
triangulation camera net of three 35 mm 
Beattie-Coleman Varitron*’ cameras and Press 
Cameras utilized. The cameras were 
equipped with adequate filters and fast film but 
the effect was not photographically recorded. 
However, visual (and radar) observations were 
obtained in each case. 

[he inability to photograph the MgO puff 
could be ascribed to the utilization of an 
insufficient amount of material. In addition, 
the material was probably dispersed through- 
out too large a volume, thus so severely 
attenuating the MgO density that it was not 
photographable against the daylight sky back- 
Successful optical coverage could 
probably be obtained by utilization of more 
material or utilizing more sophisticated optics 

Although it that the scheme for 
generating a visible MgO puff failed optically, 
it was a fortunate fact tl 
another, quite unexpected manner 
involved in detection of the generated pilot 
cloud by the Stanford University radar sytem 
at Alamagordo, New Mexico. This is discussed 
further in the next section. 


was 


ground 


appears 


it was successful in 
[his was 


2.3. Radio-radar detection 
A description of much of the radar ground 


detection devices has been given else- 
where" The following units were 
located 15 miles east from launch site: (a) a 


40°7 Mc, 50 kW, pulsed radar with a minimum 
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detectable cross-section capability of 4 m*, (b) 
a 20-8 Mc, 2-8 kW, pulsed radar with minimum 
detectable cross-section capability of 215 m 

(c) at 6 Mc, 21 kW, pulsed radar with a 120 m 
cross-section capability (d) a 100 kc, 1-8 kW 
pulsed probe with a minimum cross-section 
capability of 1 km’, and a low sensitivity to 
small cross-sections. No results were obtained 
on this latter instrument. Additionally, the 
C-3 ionosonde (1-25 variable frequency 
sweep). located at White Sands Proving 
Ground, New Mexico, obtained good data. The 


Laredo and Ft. Huachuca nets and related 


forward-scatter experiments were not utilized 
since the low release altitudes employed place 


the electron clouds below the antenna patterns 
of the equipment at these For 
all three experiments, a 23-1 Mc, 70 kW, pulsed 
back-scatter radar was operated by Stanford 
University near Arizona An 
additional ground radar system which has not 
been previously described used in this 
series. This system consisted of two portable 
lonospheric Recorders of Cossor Ltd., which 
are capable of recording automatically, at pre- 
determined intervals, panoramic records of 
ionospheric soundings over a variable fre- 
quency band of 1°6 to 20 Mc/sec. The results 
are recorded on 35 mm film together with the 
time and data of the event. These recorders 
were located 32 miles east of the launch site. 


installations 


Tucson, 


was 


3. RESULTS 
On September 15 a solar flare occurred which 
contributed an additional effect to the creation 
of the artificial cloud 
rence of this flare 


A check on the occur- 
established the time as at 
least 5 min after the chemical constituent 
release at altitude. It will be shown by the 
positive radar responses associated with the 
electron cloud creation that the instrumentation 
recorded the natural solar effects only after 
about 10 min following the electron cloud 
formation The evaluation and subsequent 
treatment of the data for this date (82 km 
release) is therefore considered reliable only for 
the first 10 min after release 

The radar results are presented in a format 
which concisely describes the reliable data for 
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each of the experiments per detection unit. It 
shall be noted that the report of a negative 
result on the C-3 ionospheric units signifies that 
no detection was obtained in any (especially 
the first) of 15-sec frequency sweeps. This 
does not rule out the possibility of an effective 
duration of less than 15 sec since these instru- 
ments might not necessarily short 
durations 


record 


3.1 Cossor portable C-3 ionosonde recorders 

(a) 69 km—no results were associated with 
the cloud formation 

(b) 82 km—an echo was recorded 10 min 
after release at a slant range of about 100 km 
This echo persisted for about 20 min with a 
maximum frequency response of about 6 Mc 
appearing at x plus 18 min. The nature of the 
results (time of event and duration) are contrary 
to both theory of cloud formation at this alti- 
tude and results from other units. This data 
is considered to be probably due to the 
solar activity and aids in establishing the time 
of effect of the flare 

(c) 91 km—results were obtained for a 
definite duration of 2 min for 6 Mc and a 
probable duration of 7 min for over 4 Mc. 


3.2. White Sands C-3 ionospheric station 

(a2) 69 km—no results of cloud 
were obtained 

(b) 82 km—an echo at a slant range of 
about 118 km was immediately detected follow- 
ing constituent release at a maximum frequency 
of 6 Mc. Thereafter, the echo increased in 
maximum frequency up to 9 Mc after 4 min 
Approximately 5 min later, the effect of the 
solar flare was detected, therefore, only the 
pre-flare results were considered reliable 

(c) 91 km—an intense echo was recorded 
during the first 15-sec sweep after release at an 
initial slant range of 120 km. Frequencies of 
up to 20 Mc were recorded, and the echoes 
persisted for about 5 min. Thereafter. the 
results were considered inconclusive 


3.3. The 20-8 Mc radar unit 

No signal which could be associated with the 
electron clouds was indicated for any of three 
flights. 


detection 
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3.4. The 6 Mc radar unit 

(a) 69 km—no result 

(6) 82 km—an echo was observed at about 
8 min after release and lasted about 23 min. 
This result is again ascribed to solar activity. 
(c) 91 km—no results. 


The 100 ke radar unit 
No echoes were detected on any test. 


sh 


rhe 23:1 Me radar located at Tucson, 
{rizona 

This instrument was only employed on the 
/I-km release experiment and a solid response 
lasting for about 2 min was recorded. 


The 40-7 Me radar unit 
[he 40-7 Mc radar data were the most con- 
istent and compatible to analysis. These were 
‘a) 69 km—two echoes associated with the 
release and subsequent formation of the elec- 
tron cloud were recorded. Immediately follow- 
ng the MgO puff release, an echo was observed 
for 0-6 sec at a slant range of 67 km at about 
plus 4dB. 3 sec later, an echo associated with 
prime release was detected at a slant range of 
/| km for 15 sec and a strength of plus 20 dB. 
(5) 82 km—a record of an echo of 0°5 sec 
ration at a slant range of 78 km at about 
) dB strength was obtained. About 6 sec 
ter, another response was reported to have 
-d for an additional 4:3 sec at a slant range 
f 84 km at plus 30 dB. The latter was electron 
| generated. 
91 km—this radar unit recorded a 
nse at the time of contaminant release (no 
igO marker employed) that was the strongest 
Che duration of the initial signal 
for 35 sec with a 25 dB strength. After 
tial signal lasting for 30 sec had decayed 
tly, a secondary buildup occurred about 
later that lasted for about 20 sec having 
ime amplitude and signal strength. Thus, 
total radar response for 40-7 Mc for this 
was about 70 sec. 


series 


Observations regarding overall results 
1¢ comments should be made about the 
First, the 40-7 


| nature of these results. 
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Mc echo was observed on all three experiments. 
The duration of the echo attributed to the 
cesium is consistent with the expectations (in- 
creasing strongly with altitude). The cross-sec- 
tion requirements of the cloud for this 
frequency are small, being of the order of 2-6 
m°, so that if critical electron density of 
2x 10'/cm® is achieved, and this seems likely, 
echoes should be received. At 20-8 Mc the 
critical back-scatter electron density of 5:4~ 
10°/cm*® and a cross-section of 100-300 m? 
must be achieved. The lack of any reliable 
echo on this frequency is attributed to the small 
initial size of the electron cloud. Further. its 
behavior could be such that, by the time it has 
attained the critical size through diffusion, the 
electron density has dropped below the critical 
density. The 23:1 Mc Tucson radar return for 
the 91 km flight indicates the borderline nature 
of the physical conditions for detectability by 
the various pieces of apparatus used for this 
flight 

With regard to the Cossor and C-3 data. the 
69 km release showing no return is as expected 
and consistent with the other returns for this 
flight. However, a comparison for the 82 km 
and 91 km for these instruments presents a 
more complicated picture. First, the longer 
lasting Cossor record is attributed to a str ng 
drift of the cloud to the Cossor locale and out 
of the White Sands pattern. Study of the range 
variations of the various records is in Support 
of this thesis. Second, while a longer enduring 
cloud was expected for 91 km than for 82 km 
and is borne out by the general nature of the 
radar returns, the Cossor and C-3 returns were 
less enduring for the higher altitude. This 
reversal is not understood at the present and 
will bear further consideration. 

These peculiar returns may have been due to 
changes in the sensitivity of these recorders for 
which no adequate calibration exists. 

In the following section a mathematical 
model will be set up for comparison with the 
foregoing results. It was felt that the best 
opportunity for comparison lay with the data 
recorded by a single instrument since these 
would be, at a minimum, internally consistent 


J 
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Furthermore, what was wanted was a set of 
positive responses for each of the flights. Also 
it was important that the data selected be for a 
reasonably high frequency so that the condi- 
tions for the cross-section be easily met, Le. 
2r,> 2A. If these data while being positive 
in addition were of short duration this would 
also serve to mitigate the extraneous wind 
effect 

The only set of data meeting these require- 
ments was that for the 40-7 Mc radar. Hence, 
the theoretical analysis will be applied to these 
data as the most reliable and valid. 


4. THEORY AND ANALYSIS 

The governing processes considered here for 
lower altitude generation of artificial electron 
clouds include (1) photoionization and photo- 
detachment, (2) electron attachment to O, and 
recombination, including mutual neutralization, 
(3) chemical consumption, (4) initial expansion, 
chemical yield and thermal ionization, and (5) 
diffusion both neutral and ambi-polar. These 
are discussed below individually 

A further consideration was the variation of 
these processes at the different altitudes and 
their relative roles in the generation and de- 
struction of electrons. Then a suitable mathe- 
matical model was derived and applied to 
the data 


4.1. Photoionization and photodetachment 

In the region 69-92 km, the probability of 
photoionization of Cs, k, remains relatively 
constant since there is little absorption by the 
intervening atmosphere in the wavelength 
region between 2000-3200 A. At least 99 per 
cent of the radiation in this region is transmit- 
ted down to 40 km." The & value of 6-5» 
10-* sec~* was used here as in previous papers 
of this series."’ Similarly, the probability of 
photodetachment is not affected by absorption 
and the previous value of 0:40 sec~* was used 
Scattering is inconsequential for both processes. 


4.2. Electron attachment and recombination 
The values used for electron attachment were 

taken from Fig. 4 of Paper Il’ of this series. 

The figure indicates that for the two-body and 
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three-body rates of cm’/sec and 
5x 10-*° cm*/sec, respectively, the latter is the 
dominant process below about 90 km. Thus 
this is the only attachment mechanism con- 
sidered here. The cesium-ion recombination, 
2,, was taken to be as high as 10-'*cm’/sec. 
However, even with this value the conclusions 
arrived at below are valid. The coefficient of 
mutual neutralization (z,) of the Cs* and the 
negative ions (O,) was arbitrarily estimated at 
10-* cm’ /sec, since little information exists for 
this specific process. Values of 2,=10-° cm*/ 
sec have been considered by Bates’ for similar 
processes. Order-of-magnitude values for 2, 
have been obtained in the analysis below 
Because of the rapidity of the electron 
negative ion equilibrium under daylight condi- 
tions’ it is valid to consider the apparent 
recombination coefficient’ 
a=-a,+Aza, 


(1) 


where A=ratio of negative ions to electrons at 
equilibrium. 


4.3. Chemical consumption 


The analysis of chemical consumption has 


been made previously For this lower alti- 
tude study the pertinent reaction of the set of 
reactions evaluated ts 


X+0,4+M- 


We have used the consumption life-times 
(t,) given in Fig. 6 of Paper II of this series 
where f, is approximately 10-* sec at 60 km 
and increases markedly with altitude so that at 
90 km 1t,=10° seconds. It should be noted 
that the alkali consumption reaction rate used 
was that for Na while those for Cs is the 
pertinent one here. It is further noted that the 
reaction rate for Na has only been crudely 
measured Thus, it is felt that these adopted 
rates represent at best a good approximation. 
Finally, it is implicit in the calculations below 
that the concentration of Cs is less than that of 
the ambient molecular oxygen so that at all 
times there exists an adequate reservoir for 
consumption. 


+> XO,+M 
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4.4. Estimates for Gaussian half-width and 
initial electron density 

For these low altitude daytime experiments, 
the contaminant cloud was not made visible via 
twilight release as discussed earlier. The lack 
of optical data to give size and shape of the 
cloud made *t necessary to estimate the value 
for the initial size or Gaussian half-width to 
apply to the mathematical formulation. Because 
of the complexity of this type of high altitude 
explosion, no attempt was made to solve this 
problem, av initio. Rather the technique used, 
admittedly crude, was to extrapolate the pre- 
viously optically measured initial sizes and 
scale them appropriately for low altitudes as 
follows. Data was available on the Gaussian 
half-widths, r,, obtained for similar releases at 
128, 116* and 101°’ km. Further, the latter 
measurements indicated that a high degree of 
mixing and dilution had occurred during the 
initial expansion as a result of the total process 
(i.e. turbulence, shock, instabilities, etc.) which 
occurred prior to the normal diffusion process. 
Also it was felt that, fundamentally, the initial 
expansion was stabilized by the engulfing of a 
specific mass of air and the sharing of the 
energy of the high temperature gases evolved. 
Thus, lower altitude r, estimates were obtained 
by extrapolation of the observed higher altitude 
r, values via the atmospheric density behavior 
from 130 km to 70 km. The best fit data 
yielded r, estimates of 117, 69 and 38 meters 
for the 91, 82 and 69 km, respectively. 

This method contains the implicit assump- 
tion that each of the lower altitude payloads 
behaved identically amongst themselves and 
with the upper altitude releases at least in 
regard to the intensity of explosion, chemical 
yield and degree of thermal ionization. In 
particular, possible lack of reproducibility in 
the explosive release remains a factor that 
cannot be evaluated here. Hence, the estimated 
Gaussian half-widths and initial electron 
density values are considered to be order- 
of-magnitude. 


4.5. Effect of diffusion 
The general nature of the following consider- 
ations evaluate the effect of diffusion on the 


electron cloud, in particular the center-point 
electron density so as to compare it with other 
operative processes. It should be remarked 
here that there are two kinds of diffusion 
involved, that of the charged particles (ambi- 
polar diffusion) and that of the neutral particles 
with coefficients D, and D,, respectively, where 
D, is substantially larger than D,,. 

Theoretically computed" values for D, and 
D,, for 91 km indicate that the diffusion 1, (the 
time for the center-point density to decrease by 
one-half) values for the charged and neutral 
particles are 1-1x 10° sec and 10° sec, 
respectively. In addition, the respective values 
become increasingly much higher for 82 km and 
69 km. These times should be compared to 
the total time of the three 40-7 Mc returns, 
namely, 1:5 sec, 4:3 sec, and 70 sec for the 
69 km, 82 km and 91 km releases, respectively. 

hus, it is clear that the case of ambipolar 
diffusion need not be included in the mathe- 
matical model. However, only for the 91-km 
release the neutral diffusion time scale is of the 
order of the time scale of the phenomenon 
encountered in this study. Since the neutral 
diffusion effects the electron density by decreas- 
ing the photoionization production term, this 
should properly be included in the mathematical 
analysis for the 91-km release. In the treatment 
below this effect is taken into account by the 
introduction of an exponential term. 


4.6. Mathematical considerations 

Previous considerations’ indicate that the 
time decrease of the neutral cesium density due 
to chemical consumption can be expressed as 


n=n,e~”' (3) 


where n=concentration of Cs atoms, cm 
n,=concentration of Cs atoms at 
t=0, cm 
b=chemical 

Cs, sec 

The mathematical formalism includes 
effect of diffusion on the neutral by writing 


consumption rate for 


the 


n=n.e-°+9t=n e-*' (4) 
Here « represents the relaxation time for 


diffusion and at 91 km is equal to 0-007 sec~* 
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At the two lower altitude releases < is insignifi- 
cant compared to 6. Admittedly, this is only 
an approximtae technique for estimating the 
diffusive second-order effect. In the numerical 
solutions of the final equations only 6 is con- 
sidered. Thus, it would be expected that the 
solution for 91 km would be most divergent 
from and yield larger values than the experi- 
mental data, therefore, providing a sort of 
theoretical check. Additionally, this procedure 
is adopted because uncertainties in b for 91 km 
is of the order of 

Our model incorporates a production and a 
loss term, together with initial conditions of 
thermal ionization as controlled by the initial 
expansion. The production term is affected by 
consumption and diffusion of the neutrals, but 
this neutral diffusion will only be effective at 
91 km. The loss term for electrons includes the 
effect of ion-electron recombination, attach- 
ment, photodetachment and mutual neutraliza- 
tion; however, the diffusion is ignored. Our 
basic equation then is 
in kn 


é (5) 


where & = photoionization probability, sec~' 
n,=neutral cesium density cm 
n.=electron density cm 
b=chemical consumption probability 
sec~* 
\=ratio of negative ions to electrons 
2, =effective recombination coefficient 


2,=2,+Aa, (6) 


where 2,=radiative recombination coeffi- 
cient cm’ / sec 
2,=mutual neutralization (Cs* and 
O.-) 

Although the non-linear equation (5) is 
susceptible to a complete formal solution, it is 
not susceptible to direct computation because 
of the large value of the arguments. However, 
numerical solutions have been obtained for 
equation (5) by the use of a variety of 
numerical approximations. The solutions, the 


approximations and their range of validity are 
included below. 
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The formal solution* to equation (6) can be 
written as 


bl. K, -1, (2) K, (4 
22° (1, DK, +1, 


n, (0) 


+ ull, (OK, K, 
for all values of time t > 0. 
2 2kn,\} 22n, (0) 
where / lb and e 


It should be noted that the functions 
y,=/,(Z) and 


vy, =K, (IZ) 
satisfy Bessels’ zero order modified equation, 
dy, 
iz Py,=0, n=1,2, (8) 


and also that 
(Z)=1, (Z), where 
(2) K,(Z) (9) 


For application to the present data, the 
following approximations were utilized for the 
appropriate cases 


For times such that /é=/exp(—4bt)> 15 
the following equations apply 
bl 
n.(t}= €coth [coth-'«+(1—€) 1] for »>1 
42 
(10) 
bl 
n.(t)= € tanh for <1 
22 
(11) 


For times | < /é < 15, 1 > 15, the following 
approximation holds 


bl . e*K,(X) 
22° 
bl 0375 _ 0-1172 010253 


n. (ft) 


22 xX x 
0-125 00703 00732 
| - — + = a— + 
x x 


(12) 


* This mathematical solution together with the 
approximations are due to Dr. Herbert K. Brown, 
Geophysics Corporation of America 
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where X =I£ time-dependent. Finally, this equation becomes 
increasingly less applicable with altitudes above 


Finally, if I&é<1, 1>15 the following approximately 80 km 
ately 


expression is valid 
b/a 4.7. Analysis of the 40-7 Mc radar data 

n, (t) or (13) In section 3-7 it was reported that the 

observed 40-7 Mc back-scatter echoes were 

It should be noted that the solutions represent obtained for totals of 70 sec, 4:3 sec and 1°5 sec 

the time-behavior at a single point. In this for the 91 km, 82 km and 69 km releases, 

case, the comparison to the data was restricted respectively. The corresponding theoretical 

in application to the center-point density. values of about 190 sec, 16 sec and 0:5 sec are 

However, this restraint was not necessary since obtained from Fig. 1. The three curves shown 

these solutions are applicable to the off-center are plotted in accordance with equation (7) and 

points as well, including the case for the model show the variation of the center-point density 

employed here. This is occasioned by the fact with time. The parametric values employed 
that all the considered processes are purely are listed in Table 2. 


(em™=5) 
FREQUENCY (mec) 


DENSITY 


z 
O« 
~ 
w 


MAXIMUM 


TIME (seconds) 


Fig. 1. Theoretical time variation of center-point electron 
density in accordance with equation 8a for 69, 82 and 91 km. 


Table 2. Values of Basic Parameters Initially Used 


n, D D r 


n a 0 
(cm~-*) (cm? sec!) (cm? sec~') (cm) (cm 


20x10" 54x10 10? 378x10° 3-3 x10!" 10° 
25x 10'4 40x 104 40x10 69x 10° 55x10"! 1 x 10° 


40x10" 17x 10° 1-8 x 10* 1:17x 10* 11x10" 2°2x 108 0-017 


n, =number density at altitude 
ne. =initial center point electron density 


Other symbols have been defined in the text 


735 
J 
‘ H n Zz 
(km) (cm~*) (sec~*) 
sec 
69 2x10-7) 8 
82 0-2 2x10-* 02 
91 0-017 
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It should be noted that the general nature of 
the altitude variations and the absolute time 
values shown in Fig. | are in reasonable agree- 
ment with the observed 40-7 Mc radar data. 
The greatest divergence is noted for the 91 km 
case as expected from earlier discussions, since 
no allowance was made on the production term 
for the effect of diffusion. For example, if a 
correction 1s applied in this direction by utiliz- 
ing 5 with the previously derived values of «, 
the estimated 40-7 Mc duration is reduced to 
Additionally, the b-value for Cs 
may be larger than the value computed for Na 
Finally, any gross error in the r, estimate 


would influence the pertinent time constant 


only 100 sec 


{ similar case prevails for the 82-km release 
for which again, the computed value is larger 
than the observed value. Although it is felt 
that no significant allowance need be made for 
diffusion effects for altitudes as low as 82 km 
the b-value and r,-value arguments given above 
for the 91 km case also apply here, but to a 
lesser degree 

Finally, unlike the other cases discussed, for 
the 69-km release the time behavior of the 
theoretical curve in Fig. 1 is relatively 
insensitive to the estimates adopted for b and r,,. 
For example, chemical consumption is so fast 
at this lower altitude that there is very little 
photoionization production and the governing 
process is electron attachment with subsequent 
mutual neutralization. Thus the radar echo 
time behavior is primarily dictated by the 
value employed for the product, Az, With 
\-values taken from previous work’ the 
2,-values obtained by this analysis vary between 
10-* cm’ ‘sec to 10-* cm" /sec. In view of the 
estimated nature and values of the parameters 
utilized, the overall agreement between the 
observed and theoretical data is considered to 
be surprisingly good 


5. CONCLUSIONS 
The analysis of the series of experiments dis- 
cussed above has established a lower limit at 
about 70 km, below which long-lived, effective 
artificial electron clouds cannot be produced 
by the experimental techniques employed. This 
limit is due to the increasingly important roles 
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of electron attachment and mutual neutraliza- 
tion with decreasing release altitudes. On the 
other hand, with higher altitude releases (up to 
90 km) the electron cloud lifetime becomes in- 
creasingly sensitive to variations in b, the 
chemical consumption rate, and r,, the half- 
width of the initial distribution. In addition, 
at 90 km and above, the effect of diffusion 
becomes important upon the photo-production 
rate. It should be noted that throughout the 
entire altitude region discussed here (70-90 
km), ambipolar diffusion effects do not signifi- 
cantly affect the time variation of the center- 
point electron density 

Ihe mathematical model employed seems 
reasonably adequate. Its apparent marked 
validity for application at the lower altitudes 
should appropriately be checked by more ex- 
tensive data. The derived values of A, z,. z,, 
b and k from this analysis seem to be of the 
correct order-of-magnitude. In particular for 
Cs, the value of b, a factor of two higher than 
that computed for Na, seems more appropriate 
The fit also seems to support reasonably high 
values for 2. However, while 2,=10-" cm 
sec~' appears to be the best value to adopt, a 
value of z,;=10-* cm® sec~' also is compatible 
with this work 

everal experiments are suggested by this 
preceding work. At sufficiently low altitudes, 
errors in 6 and r, do not significantly affect the 
data, thus night time low altitude releases 
should give unambiguous values for electron 
attachment. The corresponding daytime low- 
altitude experiments should yield the value of 
the product Az, From the combined data it 
should be able to obtain more accurate values 
of 2,, the coefficient of mutual neutralization. 
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A STUDY OF “CHORUS” OBSERVED AT AUSTRALIAN 
STATIONS 
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very-low-frequency emission known as “chorus” has been studied for four 


Australian recording stations. The phenomenon exhibits a maximum of occurrence at about 


geomagnetic latitude 60° and occurs only about « 


yne-tenth as frequently at geomagnetic latitude 


4§ It was never definitely observed at geomagnetic latitude 34 Marked diurnal variations 


are present with morning peaks for all stations 


ind also an evening peak at Adelaide and 


Hobart. Analysis of the diurnal variations suggests that two different mechanisms are involved 


The average streneth of chorus increases with 


increasing value of K-index at lower latitude 


Stations and shows a maximum at moderate values of the index for geomagnetic latitude 61 


This is interpreted as meaning that the region 
towards lower latitudes at times of magnetic disturbance 


1. INTRODUCTION 

Storey reported the reception, on an 
aperiodic very low frequency radio receiver, of 
signals which on a loudspeaker sounded like “a 
rookery heard from a distance”. More precisely 
they may be described as a mixture of rising 
and falling tones and or quasi-stationary tones 
of a frequency of a few kilocycles per second. 
The duration of an individual tone varies 
between a fraction of a second and a few 
seconds, and the electric field strength may be 
of the order of a few microvolts to some milli- 
volts per metre. The phenomenon, which had 
been observed previously as interference on 
audiofrequency communication circuits, was 
originally named “dawn chorus” owing to its 
having a maximum occurrence about local sun- 
rise but since subsequent investigations have 
shown that the time of this maximum depends 
upon latitude the more recent term “chorus” 
will be used here. The general term “Very- 
low-frequency emissions” includes also the 
longer-lasting and more uniform emission 
known as “hiss”; the latter has been disregar- 
ded in the work to be described 

Gallett* and other workers have suggested 
that V.L.F. emissions are caused by the inter- 


* Now at Department of Electrical Engineering, 
Stanford University California 
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of maximum average-chorus-strength moves 


action of fast-moving particles—originally 
derived from the sun—with the upper atmo- 
sphere and the magnetic field of the earth, and 
it has been proposed by Allcock” that the 
radiation travels along magnetic lines of force 
in the “whistler mode”. Travelling-wave amp- 
lification * and Cerenkov radiation" 
have been suggested as generating mechanisms 
of V.L.F. emissions 

An association of the phenomenon with mag- 
netic disturbance was suggested by Storey” 
and evidence for this was presented by 
Allcock 


2. EXPERIMENTAL DETAILS 

As an International Geophysical Year pro- 
ject, the University of Queensland installed 
equipment for recording whistlers at Brisbane 
(geographic lat. 27°32’S., long. 152°55’ E.; 
geomagnetic lat. 35° 8’S, long. 226°9’), Adelaide 
(34°57, 138°23’; 44°9’, 212°5’), Hobart (42 
52’, 147°20°; 51°7’, 224°6’) and Macquarie 
Island (54°30’, 158°57’; 61°1’, 243°1’). The 
recording equipment had a frequency range 
of from 400 c/s to 15 ke/s and was operated 
automatically for 2-min periods each hour 
commencing at 35 min past the hour (Universal 
Time). The Brisbane, Adelaide and Hobart 
recorders were of the same design and used a 


if 
. 
> 
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12-turn square loop aerial of 5 m side. It is 
estimated that a field strength of 10 to 15 u 
V/m would give detectable signals on these 
recorders in the absence of external noise. 
External noise was however almost always the 
limiting factor. At Macquarie Island two 
different recording equipments were used. The 
first equipment (hereafter referred to as the 
B-recorder) used a 10 m vertical aerial and an 
aerial preamplifier of somewhat lower gain than 
that at the other stations. It is estimated that 
the sensitivity of this recorder was one-half to 
one third of that of the recorder at Hobart. 
The B-recorder was replaced in February 1958 
by one (hereafter referred to as the A-recorder) 
kindly supplied by Dr. R. A. Helliwell of Stan- 
ford University. Chorus strength was graded 
on a subjective aural basis from 0-5. It should 
be pointed out that the detection and assess- 
ment of the phenomenon, particularly when 
weak, depend very markedly upon the general 
noise level (including atmospherics and man- 
made). Thus no great precision attaches to 
the threshold of detection or the aural grading 
at low strengths. 


3. VARIATIONS IN CHORUS ACTIVITY 
(a) Diurnal variation 

Fig. | is a plot of the average percentage 
occurrence of chorus within each sampling 
period of the day against time of day (local 
mean time). Adelaide and Hobart data were 
averaged from mid-1957 to mid-1958. In the 
case of Macquarie Island the averages for the 
B-recorder (1957) indicated a similar diurnal 
variation to those of the A-recorder (1958) but 
the latter were systematically higher by a factor 
of about three. To simplify presentation the 
A-averages were therefore divided by three and 
the mean between these and the B-averages 
shown on the diagram. The phenomenon was 
never definitely observed in Brisbane although 
very occasionally faint signals of doubtful 
authenticity were heard. 

Macquarie Island shows a marked broad 
maximum of occurrence a few hours before 
local midday, Hobart a similar but narrower 
maximum somewhat earlier in the day and a 


Qverage percentage occurrence 


\ 


laf | 


Macquarie Isiand 
0 | 


O12 24.12. 


Loco! mean time 


Fig. 1. Diurnal variation. 

smaller peak in the early evening. Adelaide 
shows two broad peaks, morning and evening 
and a lesser peak around midday, but, as the 
total number of occurrences for each sampling 
period was less than twenty, no great signifi- 
cance can be attached to the minor features of 
the curve, especially the midday peak which has 
no counterpart on the plots for Hobart or Mac- 
quarie Island. 

The results suggest that at Adelaide the 
probability of occurrence has equal morning 
and evening peaks, at Macquarie Island only a 
morning peak, while at Hobart, which is inter- 
mediate in geomagnetic latitude, there are two 
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peaks, the morning one predominating. In an 
attempt to whether the difference in 
behaviour indicates different mechanisms for 
morning and evening chorus, groups of samp- 
ling periods representing the different peaks in 
Adelaide and Hobart were taken. These 
groups are set out in Table | (letters refer to 
Fig. 1). Calculations were made of the correla- 
tion coefficients between the monthly totals of 
the groups and are shown in the second column 
of the Table 


assess 


Table 1. 


Hours in group 
(all inclusive) 
A= 19-22 
B=13-14 

C= 7-9 

D= 3- § 
x=all hours 


between groups 
A-B 064 
AC 073 
A-D 072 


Correlation coefficient (r) 
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The comparison between Hobart and Mac- 
quarie Island was complicated by the change 
of recorder at Macquarie Island and according- 
ly the two periods were treated separately and 
then combined using a scaling factor of three 
as above. As shown by Table 2 most of the 
correlation coefficients are small and below the 
10 per cent significance level. There is, how- 
ever, a suggestion of a weak negative 
association and more so for the Hobart morning 
peak than the total occurrence. 


Adelaide 


Value of r for 
significance at % -level 


No. of pairs 
of values 


14 


14 
14 


0°66 
0°66 
0°66 


1% 
1% 


1% 


Hobart 


E=18-19 
F= 5-7 
y=all hours 


Adelaide vs. Hobart 


51 

§2 

§9 

0-10 

Cc 0-09 
A-F 0-00 
x 0-06 


Table 2. 


Correlation 
coefficient 


Hobart 1957 (all hours) 
B recorder (all hours) 


Hobart 1958 (all hours) 
A recorder (all hours) 


Hobart (all hours) 


B recorder and 1/3 A recorder 


Hobart F-B recorder (all hours) 


Hobart F-A recorder (all hours) 


14 
14 
14 
14 
14 
14 
14 


Hobart and Macquarie Island 


Value of r 
significant at 
10% -level 


Number of pairs 
of values 


0°58 


0°62 


| 
E-F 047 16 050 5% 
053 $% 
053 $% 
0°53 5% 
053 5% 
053 $% 
| 
| 
—0-02 17 0-41 
—0-20 8 0-62 
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Magnetic 


me of maximum 


ocal mean time) 


Fig. 2. Variation of time of maximum of “chorus” with geomagnetic latitude. 
(A—Adelaide (peak D), A’—Adelaide (middle of C and D peaks), CA—Cambridge (U.K.), 
Co—College (Alaska), Du—Dunedin (N.Z.), H—Hobart, HA— Hanover (U.S.A.), M.I.— 


Macquarie Island, WA-— Washington (U.S.A.), We 


(b) Variation of time of maximum occurrence 
ith eeomaenetic latitude 
Pope’®’ has investigated the variation with 
reomagnetic latitude of the local mean hour for 
maximum occurrence of chorus. Fig. 2(a) 
indicates that the Macquarie Island and Hobart 
(morning) peaks fit well into the general world 
If D (Fig. 1) is regarded as the morn- 
peak for Adelaide, there is again good 
ereement, but if D and C are regarded as parts 
f a single broad maximum the centre is well 
ff the Pope curve. Evening peaks have not 
been reported at stations in other parts of the 
rid 
If the generation of chorus is controlled by 
the injection of particles at the top of a line of 
+ leading to the observing station, then the 
transit of the sun above this region may be a 
1ore significant time reference than its transit 
ver the geographic meridian. Times of 
ixima were therefore adjusted to allow for 
differences between geographic and geomag- 
tic meridians at the geographic equator. Fig. 


nmicture 


Wellington (N.Z.)) 


2(b) shows the data of Fig. 2(a) replotted with 


appropriate adjustment. The fit of the points 
to a straight line is slightly better and the 
discrepancy in the case of Adelaide is reduced. 


(c) Day to day variation 

In order to estimate the duration of bursts 
of chorus and also to search for any recurrence 
tendency in the data auto-correlation analyses 
were performed on 24-hr totals, weighted in 
this case by the strength indices. The start of 
the 24-hr period was adjusted to fall in or near 
a minimum of the diurnal distribution for the 
station in question, e.g. midnight for Hobart. 

For Hobart the auto-correlation coefficients 
were significantly above zero for one-day and 
two-day lags and thereafter (up to 65 days lag) 
showed little systematic behaviour (though 
there was a general tendency for small negative 
values for lags between 30 and 55 days). For 
Macquarie Island A-recorder data, where 
chorus was a common occurrence, significant 
values of correlation coefficient were obtained 
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with delays up to about one month. It was felt, 
in this case, that an analysis of departures from 
a running-average centred on the day in ques- 
tion (13 days before to 13 days after) would be 
more indicative of changes in chorus activity 
This analysis showed small but significant 
values of correlation coefficient for l-day and 
2-day lags. Auto-correlation analysis of the 
Adelaide data, where on most days chorus was 
not observed, was not considered to be 
practicable 

The general conclusion is that chorus activity 
has no recurrence tendency at Hobart and Mac- 
quarie Island (in particular no 27-day recur- 
rence tendency) and that a period of above 
average strength tends to last 1-2 days 


(d) Variation with geomagnetic latitude 

As mentioned earlier, the aural detection of 
chorus is to a marked degree dependent on 
local noise conditions and on the equipment 
used The comparison of Hobart and 
Macquarie Island in particular is complicated 
by the difference in listening conditions (quieter 
at Macquarie Island) and recorder character- 
istics. There seems however no doubt that 
geomagnetic latitude 44° shows a markedly 
lower incidence (3 per cent yearly average) than 
latitude 51° (14 per cent) and latitude 61° (15 
per cent B-recorder, 46 per cent A-recorder) 
Taking into account the difference in conditions 
between Hobart and Macquarie Island, it seems 
likely that the average occurrence at latitude 
61° is about twice that at latitude 51 

Pope’s* results for a different year suggest 
that the incidence chorus at geomagnetic latitude 
65° is appreciably less than for latitudes 60 
Martin did not observe chorus at geomagnetic 
latitude 79° during a period of observation of 
a fortnight although whistlers were observed. 
This lack of occurrence would have been very 
unlikely if the actual average occurrence were 
comparable to that at Macquarie Island 

The region of maximum activity thus seems 
to be around 60° geomagnetic latitude or 
possibly a few degrees less and the occurrence 
rate seems to fall off more rapidly on the polar 
side of this latitude than on the equatorial side. 
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Fig. 3. Relationship between chorus strength and 
planetary magnetic index 


4. ASSOCIATION OF CHORUS WITH 
MAGNETIC DISTURBANCE 
Fig. 3 shows a plot of average chorus 
strength (no occurrence being counted as zero 
strength) at each station for each value of 
planetary magnetic K-index (K,) at the relevant 
time the data being averaged over one year. In 
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n 


Average strength of chorus 


Macquorie Island 


Km 


Fig. 4 


the case of Macquarie Island B-recorder data 
has been plotted with a dot and A-recorder 
data with a cross and scale reduction factor of 
three. As high values of the K-index occur 
relatively infrequently the Macquarie Island 
data has been grouped for K, greater than five 
The Adelaide and Hobart curves are not far 
from parabolic between K,=0 and K,=6 but 
give indications of “saturation” at higher values 
while Macquarie Island which shows a much 
greater average strength at magnetically-quiet 
periods shows also indications of a decrease in 
strength above K,=5. 

The contrast between Hobart and Macquarie 
Island is even better brought out in Fig. 4 which 


Rew Se 


Relationship between chorus strength and local magnetic index. 


shows a similar plot of chorus at these stations 
against the K-index (K,,) for Macquarie Island 
(Magnetic observations were not made at 
Hobart.) The maximum chorus strength occurs 


about K,,=3 for Macquarie Island but the 
strength at Hobart increases steadily with 
rising K,,. The very low chorus strength at 


Hobart for K,, less than 3 is also striking and 
markedly different to Macquarie Island which 
Station has an average-strength about one-half 
of the maximum average-strength for K,,=0 


The Macquarie Island 27-day running- 


average strength figures were compared with 
similar data for K, as shown in Fig. 5 where the 
values obtained from K, data have been plotted 


Fig. 5. 


Comparison of planetary magnetic index 27-day running averages (Kp) and Macquarie Island 
chorus strength 27-day running averages (C) 28 days later. 
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increasing downwards and also displaced to a 
date 28 days later. (The first break in the 
strength curve occurs because of equipment 
failure and the second because of a change of 
observer.) There is sufficient similarity between 
the two curves to suggest that consistently high 
values of K,, i.e. magnetically disturbed periods 
lasting some days, tend to reduce the average 
strength of chorus at this station for a corres- 
ponding period some weeks later. 


5. RELATION TO SOLAR PHENOMENA 

As it has been suggested that the primary 
generating mechanism of chorus is associated 
with the arrival of solar particles a comparison 
was made of solar and chorus data. No 
association could be found with sunspot 
number, solar flares or Type IV radio flares. 
However some indication of correlation was 
found between occurrence in Adelaide and rate 
of change of sunspot number. For this purpose 
the period of observations was divided into 
intervals of 27 days and the change in average 
sunspot number from one interval to the next 
determined. This was compared with the per- 
centage occurrence of chorus in a 27-day 
interval centred on the day dividing the 
appropriate two intervals used for sunspots 
Over fifteen consecutive periods the Adelaide 
data showed a significant (1 per cent level) 
positive correlation between chorus occurrence 
and increase in sunspot number but the inclu- 
sion of the sixteenth pair of values from data 
at the end of 1958 reduced the correlation 
coefficient to one significant at about a 7 per 
cent level. Hobart and Macquarie Island data 
did not suggest a similar relationship 


6. DISCUSSION 

The differences in the diurnal variation ex- 
hibited by the three stations together with the 
indications (shown in Table 1) of positive 
statistically significant correlation between 
morning and evening peaks in Adelaide, less 
association between morning and evening peaks 
in Hobart, weak association between Adelaide 
and Hobart evening peaks, very little associa- 
tion between Hobart morning peak and 
Adelaide and a weak negative association be- 
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tween Hobart morning peak and Macquarie 
Island suggests that two somewhat distinct 
mechanisms may be responsible for the occur- 
rence of chorus. One of these (i) may be 
considered to be operative roughly equally 
morning and evening at Adelaide and Hobart 
stations and the other (ii) only in the morning 
and at Hobart and Macquarie Island. In this 
connection it may be noted that in order to 
explain the observed minimum around midday 
in the occurrence of whistlers at moderate lati- 
tudes’®** it has been postulated that iono- 
spheric absorption during daylight hours 
prevents the detection of weaker whistlers. If 
we assume a mechanism for generation of 
chorus equally effective for the whole daylight 
period (possibly displaced by up to 2 hr because 
of skewness of magnetic lines of force) we 
should then expect reception for two roughly 
equal periods, one just after sunrise (at the top 
of the line of force) and the other just after 
sunset (at the same place). This accords with 
mechanism (i) but not mechanism (ii) for which 
the generating mechanism would seem to have 
a peak activity before midday. 

The relationships between chorus strength 
and magnetic disturbance indices indicate that, 
at least for the mechanism (ii), the latitude peak 
of occurrence—which, for low K-values, is near 
the latitude of Macquarie Island—is displaced 
at times of great magnetic disturbance nearer 
to the latitude of Hobart. Since at these times 
the chorus strength and hence probability of 
detection is reduced at Macquarie Island and 
increased at Hobart, this shift is consistent with 
the suggestion of negative correlations between 
Macquarie Island and Hobart (morning peak) 
occurrences. If it is assumed that at any one 
time chorus is confined to a geomagnetic lati- 
tude zone about 10° wide which is centred 
somewhere near geomagnetic latitude 63° for 
very magnetically quiet times (K,,=0) and 
shifts about 1° towards the equator for each 
increase of | in K,, then, from the fact that K,, 
was over 3 for 43 per cent of the time and 0 for 
only 6 per cent, we can roughly account for the 
observed latitude dependence of chorus 


occurrence. 
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Assuming a dipole field, the line of force 
passing through the maximum of the upper 
Van Allen radiation belt’, as at present 
plotted, would reach the surface at a geomag- 
netic latitude between Hobart and Macquarie 
Island. If the spiralling charged particles in 
this belt’ are responsible for the generation 
of chorus one would then expect a maximum 
occurrence in this region. On this hypothesis 
the movement towards the equator, of the 
region of maximum chorus activity during 
times of magnetic disturbance would suggest 
a downward movement of the generating region. 
Similar movements have been postulated by 
Obayashi'* as an explanation of geomagnetic 
pulsation phenomena. Obayashi’s analysis 
shows the upper boundary of the earth’s atmo- 
sphere descending to as low as two earth radii 
from the centre, i.e. approximately the height 
of the top of a geomagnetic line of force 
through Adelaide, for brief periods. A com- 


parison of geomagnetic pulsation and chorus 
records (preferably taken much more frequent- 
ly than in the records for this study) might well 
explanation of 


facilitate the the latter 


phenomena 
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Abstract—A detailed numerical analysis of Stoffregen and Derblom’s records of the red line 

63200 and the N* band A 4278 have been undertaken. The red line ts delaved relatively to 
the violet band. the average delay time being 150 to 200 sec The average intensity ratio 
1 (6300) 1 (4278) is about 4°6 for these records. These results may have important consequences 
for the theory of the excitation and deactivation of the O('D) atoms. which is discussed 


Stoffregen and Derblom' have obtained Table 1. Computed Lifetimes (-) and Average 
some very interesting time records of the inten- Intensity Ratios (1(6300) (4278) =k). t, and t 
sities of the red [OI] line 46300 and the N? 2 Stoffregen and Derblom’s Values for the 
Delay from the Rising and Falling Parts of the 


band (4278 emitted from aurorae. They found 
Curves 


a displacement between the two intensity 
curves, the red line being delayed relatively to 
the Nt band. They attributed this delay to the 
long lifetime of the metastable O('D) atoms, 
and found a mean value of about 140 sec for 
this delay, measured as the average displace- 
ment between the two intensity curves along 
the time-axis 

The twelve records analyzed by Stoffregen 
and Derblom, together with five more, also 
obtained by them, have been analyzed by a 
linear, numeric method which was used in a 
similar study of the green [OT] line 45577 
described in an earlier paper This method 10 135 
is based upon the assumption that the ratio i 160 
between the two rates of excitation as well as 7 = 
the average lifetime of the O('D) atoms are 
constants for any one record, this lifetime being 15 145 
alone responsible for the observed time delay 16 10 
The purpose of this note is to compare the two 17 215 
methods and to discuss the physical interpreta- 
tion of the results Mean 1—12 160 

> as well as the average intensity ratio Mean !—I!7 190 
1 (6300) // (4278) were computed, and the results 
are given in Table |, together with the values * This value has been added by the author, with a 
obtained by Stoffregen and Derblom. They corresponding change in the mean. 
distinguish between the delay times found from 
the rising (f,) and the falling (1) part of the to give equal integrated amplitudes (i.e. equal 
curves respectively, and find that ¢, is usually average amplitudes) rather than equal peak 
larger than f,. This difference is much due to amplitudes, the difference becomes insignificant. 
the scaling of the curves. If these are scaled Record numbers 13-17 were not included in 
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Stoffregen and Derblom’s analysis, because 
they are rather complicated and not easy to 
analyse by their method. The mean value of + 
from the first twelve records is 160 sec and from 
all seventeen records 190 sec. Both these values 
are somewhat greater than the mean value ob- 
tained by Stoffregen and Derblom, but the 
difference cannot be regarded as significant 
Thus the apparent lifetime is somewhat larger 
than the theoretical radiative lifetime of the 
O ('D) atoms, which is about 110 sec 

The mean of the average values of the 
intensity ratio / (6300)/1 (4278) (k) is about 4:6, 
and the individual values vary between 0-3 and 
13-7. Since /(5$577)/1(4278) is about three 
cf.” compared with*’—the mean value of 
1 (6300)/1(5577) should be about 1-5 for the 
observed aurorae. This value is much less than 
the computed ratio between the excitation rates 
of the two oxygen lines, which is greater than 
10 [here is no significant correlation 
between + and k 

Thus the average of the measured time delay 
between the A4278 band and the A6300 line is 
rather larger than the radiative lifetime of the 
O ('D) atoms whereas the average of the inten- 
sity ratio / (6300)/1(4278) is lower than the 
expected value by a factor 5 or more. There 
may be at least two possible explanations for 
this. If we assume that the low value of the 


intensity ratio is due to collisional deactivation 
of the O('D) atoms, then the average lifetime 
for these atoms in an aurora should be of the 
order 10 sec rather than 100 and the observed 
time delay between the two emissions largely 


due to the excitation processes. On the other 
hand, if we assume that the measured average 
delay time is close to the radiative lifetime of 
the O('D) atoms, collisional deactivation being 
negligible, then the excitation processes must 
differ from those thought to be operative. 

If the first explanation is correct there must 
be a cause for the time delay between the two 
excitation processes. If dissociative recombi- 
nation of O* contributes appreciably to the 
excitation of the red lines, this may be such a 
cause (cf. Also it may 
be thought that since the collisional quenching 


discussions in’) 


of the red line is most effective at low altitudes, 
and the observed (6300 light therefore origin- 
ates at relatively high levels in the atmosphere, 
the excitation at high altitudes may be delayed 
relatively to that at low altitudes. This could 
again be due to a later arrival of the slower 
electrons which presumably excite the higher 
part of the aurora. The energy a 
primary electron may have if it shall be able to 
excite the A6300 line is 2 eV, corresponding to 
an electron velocity of about 10° cm/sec. If 
the electrons exciting the lower and higher parts 
of these bursts of bright aurora have a common 
origin in space and time, this origin should 
then be at a distance 10 to 100 earth radii from 
the auroral zone 

If the second explanation is correct, colli- 
sional deactivation of the O('D) atoms is 
unimportant. The low rate of excitation of the 
red line may be explained by assuming that 
other processes compete with the oxygen atoms 
for the energy of the electrons. Thus most of 
the electrons in the 2-4 eV range, which are 
the most efficient in exciting the A6300 
lines, may spend their energy on other proces- 
Ses. aS proposed in an earlier paper 

Now, we must also bear in mind that our 
measurements do not necessarily yield the 
average lifetime of all the O('D) atoms. What 
we measure is rather a weighted average, with 
preference on light from the regions in the at- 
mosphere where the deactivation is least. To 
illustrate this, imagine the combined emission 
from two boxes, one where the O('D) atoms 
are undisturbed and one where they are all 
The measured life- 
time would be that of the atoms in the first box, 
which are the only ones radiating the A6306 
line, whereas the measured intensity ratio would 
be influenced by the collisional deactivation in 
the other box. If the radiative lifetime for the 
O('D) atoms were about 250 
similar explanation of the auroral observations 
might be possible, but the observed height 
distribution curves'*’ leave little doubt that the 
measured time delay would be significantly 
shorter than the radiative lifetime. 

In any case the relationship between the in- 


lowest 


ones 


deactivated by collisions. 


sec or so, a 
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tensity curve for the (6300 line and the (4278 
band is expected to be rather complex, since 
the ratio between the two excitation rates may 
vary considerably with height and time. The 
scatter in the apparent lifetimes of the O('D) 
atoms is therefore not surprising A closer 
examination of the measured curves indicates 
also that our original assumption (constant 
excitation ratio and lifetime) is not correct 
Therefore it may be somewhat doubtful which 
method of analysis is correct, but it is unlikels 
that the delay time is erroneous by a factor of 
more than 1:5, whatever its interpretation may 
be. This is also supported by the reasonable 
agreement between our results and those ob- 
tained by Stoffregen and Derblom 
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recognition of large-scale strike-slip 
yn the lunar surface should be far easier 
in the case of terrestrial strike-slip faults. 
> lunar surface is free of masking sediments 
oceans. Furthermore, the complicated 
icter of the lunar surface provides an 
ndance of landmarks for the detection of 
tive horizontal movement. 
Examination of the Moon through a large 
ype reveals the surface to be covered with 
These round, circular depressions 
> in diameter from about | km, nearly the 
f observation, to a diameter of some 240 
[he veritable lacework of craters provides 
kground for the detection of relative hori- 
| movement along the lunar surface. Any 
ral displacement of the circular depressions 
easily be detected, provided the horizon- 
novement on the order of half a 
eter or greater. A detailed examination 
» lunar surface reveals no such lateral dis- 
ment in the craters. 
‘re are a number of linear features on the 
s surface which further indicate the ab- 
of any large-scale horizontal displace- 
The rays extending from Tycho are 
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Abstract—The character the lunar surface indicates that surface faulting has not been an 
mportant mechanism for the build-up of the lunar surface. If the radioactive content of the 
M { the same order as that of chondritic meteorites, then the absence of major surface 
fault n be explained in a number of ways. A near-surface concentration of radioact vity 
ll pr le an equality of heat production and surface heat flow necessary for the maintenance 
f a con lunar radius. Alternatively, the radioactivity could be deeply buried, with the 
rad ll remaining constant over the past 2.000,000.000 vears Heat transported by 
cha other than radiation and thermal conduction will also tend to keep the radius of 

> M it a constant value 
Even though the radius of the Moon remains constant, there is a major build-up of strain 
shout the Moon. The rate is such that, on the average, something on the order of 
10°4—] rgs of distortional energy should be released per year throughout the Moon provided 
the radioactivity is uniformly distribute< A near-surface concentration of the radioactivity 
t decrease this rate of energy release but certainly by no more than an order of magnitude 
Under all circumstances it would appear that a Moon of chondritic composition would have 


Straight and there is no indication of any 
horizontal movement in the area which they 
cover. Nor do other linear features, such as 
the ridges, show any evidence for horizontal 
displacement. In summary, there are no reports 
of horizontally displaced features in the works 
of students of the lunar surface. 

The absence of horizontally displaced features 
on the surface of the Moon suggests that there 
are no large-scale strike-slip faults or wrench 
faults on the Moon. There are a number of 
examples of faults on the earth’s surface in 
which a relative horizontal movement of tens 
and perhaps hundreds of kilometers have taken 
place. The most famous of these is perhaps the 
San Andreas Fault in California. Recent mag- 
netic studies in the ocean off the of 
California suggests a system of strike-slip faults 
with displacements of from 10 to 100 km 
There are numerous, large strike-slip faults 
traversing the folds of the Jura Mountains. The 
maximum horizontal displacement along these 
faults is of the order of tens of kilometers. 
Kennedy’ has suggested that there has been a 
displacement along the great Glen Fault of 
Scotland of more than 100 km. If faults of 
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this scale were present on the Moon, they should 
be easily visible, provided the faulting post- 
dated the formation of the craters and other 
surface features of the moon 

Associated with collision craters are steep 
walls that can be interpreted as faults with 
vertical displacement. These faults are not ex- 
pressive of the internal character of the Moon 
but are the results of the impact of meteorites 
on its surface. It has been suggested that cer- 
tain of the great lunar valleys, such as the 
Rheita Valley, are valleys bounded by normal 
faults. The Rheita Valley is about 350 km 
long, 20-40 km wide and averages about 1:6 
km deep. The Borda Valley is of similar 
dimensions. These valleys resemble the terres- 
trial African Rift Zone which extends some 600 
km from north to south. The elongated, lunar 
depressions certainly are suggestive of a sub- 
sidence between normal faults, but there is no 
evidence of horizontal displacement 

Further indications of lunar faulting can be 
found in various apparent cracks on the lunar 
surface. Perhaps the most suggestive of these 
lies west of Copernicus where a number of 
small craters lie along a crack 

A study of the lunar surface therefore sug- 
gests that there may be normal faults with 
substantial vertical displacement and that fault- 
ing may have given rise to the great lunar 
valleys. There is no evidence whatsoever for 
large-scale strike-slip faults. The surface of 
the Moon is certainly not a mosaic of intercon- 
nected blocks separated by fault planes. If the 
lunar surface has ever undergone any extensive 
faulting, the faulting must have preceded the 
formation of the present surface features of the 
Moon 

The absence of evidence for extensive fault- 
ing on the lunar surface, and, in particular, the 
absence of evidence for large-scale strike-slip 
faults places limitations on the possible stress 
and thermal history of the moon. The lack of 
features associated with faulting implies that 
the volume and thus the surface dimensions of 
the Moon has remained more or less constant 
since the time of formation of the surface 
features of the Moon. If the circumference of 
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the Moon has been increasing, then roughly 


speaking we should expect the presence of 
normal faulting and the formation of grabens 
or rifts. If the circumference of the lunar sur- 
face has decreased, then strike-slip faults and 
thrust faults would be expected from the result- 
ing compression. A decrease in radius of | km 
of the Moon would result in a decrease in lunar 
surface area of 4-5 x 10° km* or about one-tenth 
of one per cent of the present surface area 

The change of the radius of the Moon can 
result from various thermal processes. If the 
Moon were initially at a high temperature and 
the rate of loss of heat was greater than the 
rate at which heat was being produced in the 
interior, then the lunar radius should have 
decreased with time. If, on the other hand, the 
rate at which heat is being produced ts greater 
than the rate at which heat is being lost by the 
Moon, then its radius should be increasing with 
time 


REVIEW OF CONTRACTION THEORY 
We consider a spherical mass having a 
spherically symmetric density distribution. An 
equation for the conservation of mass is 


dz 
crf J Cox 


dz pv,d§ (1) 


where p is the density, dz is the element of 
volume, and 7, is the radial velocity. Taking 
R as the outer radius of the spherical mass, the 
conservation of mass relation for a sphere is 


then 
R 


dR 1 
dt ot rdr (2) 
0 


where px is the density of the material at the 
outer surface. 

We consider the effect of temperature on the 
density. In doing so we assume that the 
density changes only through thermal expan- 
sion. The possibility of phase changes and 
chemical reactions can be taken into account 
by use of an “effective thermal expansion” 
greater than the ordinary thermal expansion. 


The rate of change of density at any point 


| 
| 
| 
| 
an 
| 


within the sphere is then related to the change 
of temperature at any point by 


oT/ ot 
where = is the coefficient of thermal expansion. 
The local change of temperature at a given 
point is determined by the divergence of the 
heat flux and the rate A (r,t) at which heat is 
being produced per unit volume: 
OT | 


Cr 


(3) 


+A (r,t) (4) 
where heat transported by mass motion is 
neglected. K in equation (4) is the effective 
conductivity of the material and may include 
contributions from radiation. Combining equa- 
tions (2), (3) and (4) we obtain that the change 
of the outer radius with time is given by 


R 
dR Pefl Of «+ OF 
dt Rp.) E “(Pk +A (r, ar 
(5) 


Assuming a constant thermal expansion 7 and 


heat capacity C,, equation (5) takes a particu- 
larly simple form 


R 
dR i ( oT], 1 
+ pi) | Arar (6) 
R 0 


The change of the outer radius of a spherically 
symmetric body having a constant thermal ex- 
pansion and heat capacity is proportional to 
the difference between the rate at which heat is 
being produced within the volume of the 
material (the second term on the right hand 
side of equation (6)) and the rate at which heat 
is lost at the surface of the spherical body (the 
first term in equation (6)). The constant of 
proportionality involves the thermal expansion 
and the reciprocal of the heat capacity per unit 
volume of the material. For silicates, the con- 
stant of proportionality would be of the order 
of magnitude 


2x 10-5 


(7) 
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Equation (6) states that if the heat flow at 
the surface is equal to the rate at which heat is 
produced within the body, then the radius of 
the body remains constant. A change in radius 
can come about only through an excess of heat 
production or an excess of heat loss. 

A number of factors are important in con- 
sidering the balance between heat production 
and heat loss. The distribution of radioactivity 
and the effective conductivity are both essential 
in determining the approach to thermal equilli- 
brium. The greater the near-surface concentra- 
tion of radioactivity, the shorter is the time 
required to attain an equality of heat produc- 
tion and heat loss. A high effective conduc- 
tivity allows more deeply buried radioactivity 
to come into equilibrium with a near-surface 
temperature distribution. Of considerable im- 
portance is any initial heat that the body may 
have. This initial heat does not appear 
explicitly in equation (6) but does contribute to 
the surface heat flow. A high initial tempera- 
ture favors the loss of heat and results in a 
gradually decreasing radius. Further complica- 
tions are introduced by the fact that the rate 
of heat production in material having a 
chondritic composition is at present less by a 
factor of 8 than the heat production in 
chondritic materials 4-5 x 10° years ago. The 
higher rate of heat production in the past and 
the high thermal inertia of low-conductivity 
silicate materials suggest that the higher rate 
of radioactive decay in the past may play an 
important part in the thermal and stress history 
of a planet. 

For a numerical example we consider a moon 
in which the radioactivity is uniformly distribu- 
ted. Equation (6) then takes the form 
dR (k oT AR 


dt 3 8) 


R 


MacDonald calculated the thermal history 
of a Moon with uniform radioactivity 
having an initial temperature of 600°C. The 
surface heat flow at present for such a case is 
12-4 ergs/cm? sec. The rate of heat production 
in chondritic material is 1-6 ergs/g year. Sub- 
Stituting these numerical values into equation 


: 

F 


(8) and using a coefficient of thermal expansion 


of 2x 10 C~-' we have that 


5:3 x 10-** (—3-8 x 10'*+2-8 x 10"*) 


(9) 


In this case the outer radius is decreasing at the 
rate of about half a meter per million years 
Even though the radioactivity is distributed 
uniformly through the body, the higher rate of 
heat production in the past results in a presently 
greater heat loss than heat production. The 
radius of the Moon would be decreasing but at 
a very small rate 


53 cm/ 10° years 


DETAILED CALCULATIONS 

The thermal histories of a number of models 
of the Moon have been calculated, and the 
corresponding rates of change of the radii have 
been determined. In going from the thermal 
history to the rate of change of radius the im- 
portant parameters are the thermal expansion 
and effective conductivity. The thermal expan- 
sion has been arbitrarily set at | x 10 ae 
This value is likely to be low, perhaps by a 
factor of 2 or 3, if values obtained in the 
laboratory and values estimated for materials 
within the earth are at all representative. The 
rate of change of radius depends linearly on 
the thermal expansion, and doubling of the 
mean thermal expansion doubles both the rate 
of change of the radius and the total change of 
radius for a fixed interval of time. The thermal 
conductivity enters in a more complicated way. 
It is assumed that radiation can contribute to 
the effective conductivity, and the result of 
choosing different opacities for the lunar 
materials is considered in the calculations’. 

Fig. | shows the radius and rate of change 
of radius of the Moon as a function of time, 
provided the Moon was initially at 0°C through- 
out. The opacity of the lunar material is taken 
to be uniform and to be 100 cm The heat 
capacity is 1:3 J/g°C. The ordinary lattice 
conductivity is taken as 0-025 J/g sec °C. For 
such a model the present heat flow after 
45x10" years is 10-3 ergs/cm* sec, and the 
interior temperature is 1780°C*. During the 
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Fig. 1. Change of radius of a Moon initially at 
4-5 x 10° years ago. Opacity is 100 cm™'; 
ordinary lattice conductivity is 0-025 J/g sec °C 
Final central temperature and surface heat flow are 
1780°C and 10-3 ergs/cm* sec, respectively 


first 2x 10° years, the radius increases by 46 
km. After that time the rate of increase of 
radius decreases, with the radius reaching a 
maximum at 4:2 x 10° years after initial forma- 
tion. At the present the radius would be 
decreasing but at a small rate. The striking 
feature of the curve is the near constancy of the 
radius over the past 1:5 = 10° years. Over this 
interval of time the radius has not changed by 
more than a few hundred meters, while over 
the past 10° years the radius has remained 
sensibly constant. The sharp initial increase 
in radius is due to the higher rate of heat pro- 
duction in the past coupled with the low con- 
ductivity and the fact that the radioactivity is 
assumed to be deeply buried. 

The case of an initially warm Moon is shown 
in Fig. 2. The opacity is taken to be 1000 cm~’ 
throughout the body, and therefore the contri- 
bution of radiation to energy transport is 
negligibly small. The initial temperature is 
taken to be 600°C. The final heat flow is 12°4 
ergs/cm* sec, while the deep interior tempera- 
ture is 2380°C. The general features of the 
variation of radius with time are the same as 
those for a moon with an initial zero tempera- 
ture. There is a sharp increase in radius 
during the early part of the lunar history and a 
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Fig. 2. 
600°C. Opacity is 1000 cm-'. Final central tem- 
perature and surface heat flow are 2380°C and 
12-4 ergs/cm? sec, respectively. 


Change of radius of a Moon initially at 


gradual decrease in radius over the past few 
hundred million years. The total change in 
radius over the past 10° years is only 100 m. 
The total change in radius over the entire 
history is less than that in the of an 
initially cold Moon. This is entirely due to the 
higher initial temperature. The heat associated 
with the higher initial temperature increases the 
surface heat flow while the rate of heat produc- 
tion remains constant. As in the case of a cold 
Moon, the radius remains sensibly constant 
over the past two billion years. 

Fig. 3 shows the radial history of a Moon 
initially at 1200°C and with opacity of 1000 
cm~'. The temperature at the center of the 
moon in this model is 2980°C, far above the 
melting point of any likely silicate or metallic 
phase. The model is therefore not appropriate 
but does indicate the effect on the radius of 
increasing the initial temperature. With a 
higher initial temperature, the total increase in 
radius is now only 3-8 km with a maximum 
being reached around 3-0 10° years after for- 
mation of the Moon. Since that time the 
radius has been decreasing with a total decrease 
of some 260 m in the last 10° years. Fig. 4 


case 


illustrates the radial history of a Moon in which 
the initial temperature is again 1200°C but the 
opacity is taken as 10 cm-'. 


In this case the 
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Fig. 3. Change of radius of a Moon initially at 1200 
C. Opacity is 1000 cm-'. Final central temperature 
is 2980°C. 
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Fig. 4. Change of radius of a Moon initially at 
1200°C. Opacity is 10 cm='. Final central tem- 
perature is 2500°C. 


final central temperature is 2500°C. The radius 
increases sharply, as in the other model, during 
the first 2x 10° years, reaching a maximum 
about 2:5 10° years after initial formation. 
Since that time the radius decreases at a rate 
less than the rate of increase. Over the past 10° 
years, the radius would decrease some 450 m. 
The maximum increase in radius is 2-8 km. 
The effects of the high initial temperature and 
of the contribution of radiation to the transfer 
of energy are both in the same direction of 
lowering the total change of radius. Both of 
these effects tend to increase the surface heat 


253 
300 | initial T =1200°C | 
\ | R 
O- 4 
200) \ | | 
| 
\ 
| > x 
80r 
aR 
2km | dt 42 km 
O} 
nitiol T=1200°C 
ant | 
| 
oR 
100} \ 
x 
| 
so 
\2 
A 


flow, while the rate of heat production remains 
constant 

The general features of all four models are 
the same. The amplitude of the variation in 
radius depends on the initial temperature and 
on the mechanism of heat transport. If the 
heat is transported by radiation or by any 
other mechanism in which the heat is more 
efficiently transferred than by ordinary conduc- 
tion, then the rate of change of radius is less 
over any interval of time, and the total change 
in radius over a period of time is proportionally 
less 

The effect of varying distributions of radio- 
activity has not been explicitly considered. A 
near-surface concentration of radioactivity 
would tend to increase the surface heat flow, 
while the total heat production would remain 
constant As a result, the corresponding 
changes in radius would be lessened 

The constancy of the Moon's radius can be 
explained by one of four hypotheses 

(1) The radioactivity of the Moon is far less 
than that of chondritic materials. In this case 
the rate of heat production would be suffici- 
ently low so that both terms on the right-hand 
side of equation (6) would be small 

(2) Radioactivity is more or less uniformly 
distributed within the Moon, but heat transpor- 
ted by convection is sufficiently important so 
that the heat flux approximately equals the rate 
of heat production. Convective heat transport 
would require molten or perhaps near-molten 
material and thus would imply a moderate to 
high initial temperature if the Moon has 
chondritic composition. An initial temperature 
of 600°C would probably be sufficient to result 
in the melting of a portion of the lunar interior 
But if melting were important, one would ex- 
pect evidence for strong surface volcanic 
activity. Opinions of various observers differ 
drastically on this point. Urey and Gold con- 
sider that the surface has been molded prin- 
cipally by the impact of meteors. However, 
others would argue for a volcanic origin of 
many of the lunar features 

(3) The radioactivity of the Moon could be 
deeply buried and the Moon could have a 
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relatively low initial temperature on the order 
of several hundred degrees. In this case, as is 
illustrated in Figs. 1 and 2, the radius of the 
Moon would remain constant over the past two 
billion years. This would imply that the lunar 
surface features are at least 2 x 10° years in age 
(4) The Moon is a chemically differentiated 
body with the radioactivity concentrated near 
the surface. In this case the temperature at 
depth might be well below the melting tempera- 
ture at all points. Furthermore, the rate of 
heat flux would equal the rate of heat produc- 
tion. Such a model for the thermal structure 
of the Moon could well explain the lack of both 
large-scale faulting and large-scale volcanic 
activity on the Moon. The principal difficulty 
in such a model is providing a history for the 
differentiation of the lunar material 


STRESS DIFFERENCES RESULTING FROM 

CHANGING TEMPERATURE DISTRIBUTION 

Let p... pee be the radial and tangential 
stresses arising from an increase in temperature 
AT. The difference between p,. and pes is 
usually used in criteria for determining failure 
of the material. When this difference exceeds 
some critical value, the material will undergo 
fracture or rupture. Hales’ shows that the 
rate of increase of maximum stress difference 
at any radius is given by 


dt dt 


where « is rigidity, « is Poisson’s ratio, 2 the 
coefficient of thermal expansion. For silicates 
2u(l+e) 
the constant (ice) 
10 bars per degree. Equation (10) is approxi- 
mate, since it is assumed that the elastic con- 
stants and the thermal expansion remain 
constant within the Moon 
During the heating-up phase, the tangential 
stress exceeds the radial stress, and the rate of 
increase of maximum stress difference is large 
and negative. At a time when the radius is a 


a. 
is on the order of about 


: 
- 
r 
4 


maximum the rate of change of the maximum 
stress difference vanishes at the surface and 
luring the decrease of the radius of the Moon, 
the upper parts of the Moon are in compression 
with the radial stress exceeding the tangential 


stress. The level at which the rates of increase 
of tangential and radial stresses are equal 
depends on time elapsed since the Moon’s 


radius was a maximum. Thus for the case 
where the Moon is initially at 600°C, the rates 
of increase of tangential and radial stresses are 
equal at a depth of 100 km at the present time 
For ~ hey case in which the Moon was initially at 
1200°C, the rates of increase of principal 
Stresses are equal at the present time at a depth 
of 650 km 

In all the models studied. the average 
rate of increase of the principal stresses is 
d/dt (prr— pu)! > 10 bars/ years. Using 
this figure we can estimate the average rate of 
release of strain energy, provided some assump- 
tion is made as to the Strength of the lunar 


materials. For a spherically symmetric distri- 
bution the strain energy per unit volume 
associated with distortion is given by 

~ Pos)” | 6u (11) 


The rate of increase of strain energy will be a 
maximum when the stress differences are on the 
order of the strength. For a Strength of 100 
bars, the maximum strain energy per unit 


volume is on the order of 1-4 10° ergs/cm* 
If the rate of build-up of the maximum stress 
difference is on the order of 10 bars 1,000,000 
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years, the rate of release of strain energy by 
failure at 100 bars maximum stress difference 


will be on the order of 4x 10% ergs/year. At 
present the Moon should have a high degree of 
Seismic activity unless the radioactivity is con- 
centrated in a thin layer near the surface or 
unless the radioactivity of the Moon is far less 
than that of chondritic materials 

[he degree of seismic activity varies, of 
course, among the different models. The model 
in which there would be the least rate of release 
of strain energy is that in which the Moon was 
initially at 1200°C and in which radiation trans- 
ports 4 major part of the energy. The highest 
degree of seismic activity should be expected 
for a Moon initially cold and heating up with 
radioactivity distributed uniformly throughout 
In the models studied the greatest rate of release 
of strain energy would be at de pths of 100-700 
km. The assumption of deeply buried radio- 
activity implies deep foci for lunar seismic 
disturbances. 
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Abstract This 


us and basaltic 


interpretation of lunar 


cilice 


maria are composed of basaltic 


surface 
substances similar to those of the earth 


1959) 


features is based on the differentiation of 


Our hypothesis is that lunar 


matter similar to that of terrestrial ocean basins, and that the 


lunar continents (bright regions) are composed of siliceous blocks 


1. INTRODUCTION 

The Moon's surface is characterized by bright 
areas covered by ringed structures and great 
expanses of dark plains. There are many hypo- 
theses dealing with the origin of these surface 
features. The meteorite theory, first propoun- 
ded by F. Gruithuisen and recently greatly 
extended by R. B. Baldwin ascribed the 
origin of the so-called lunar craters to the 
bombardment of meteorites. Baldwin, especi- 
ally, considers the larger maria to be craters 
produced by the collision of gigantic meteorites 
He showed that the kinetic energy of impact is 
sufficient to produce a melting and spreading 
of the meteorite, resulting in the formation of 
maria. A possible argument against the im- 
pact hypothesis is the fact that the distribution 
of the craters is far from random 

The theory of the volcanic origin of the 
craters is supported by many authors. Accord- 
ing to this theory, lunar craters and walled 
plains correspond to terrestrial volcanoes or 
calderas. This theory holds that the maria 
were produced by the immense outflow of lava, 
which flooded and destroyed pre-existing 
craters, and which later solidified, forming a 
nearly level surface as it cooled 

Some authors maintain that the impact of 
meteorites triggered volcanic activity® especi- 
ally for some kinds of explosion craters. While 
the volcanic theory seems most promising, it is 
at present far from satisfactory with respect to 
the interpretation of the great varieties of lunar 
surface features. 

In this paper, a geological interpretation of 
the surface features is attempted based on the 


idea that the differentiation of siliceous and 
basaltic substances took place in the lunar 
crustal zone as on our earth, and that the lunar 
maria are composed of basaltic matter corres- 
ponding to our ocean basins, while the bright 
regions are siliceous and correspond to our 
in fact, 
put forth this hypothesis in 
a recent trend holds that the 
dark basaltic lava outflowed over the underly- 
ing light-coloured crust to form the maria, as 
is suggested by the presence of bright craterlets 
and isolated mountains in the maria. J. E. 
Spurr’, in an important geological investiga- 
tion, assumed the differentiation of the silicic 
crust from the basic layer. He identified the 
former with the ancient crust, which he sup- 
posed to cover the entire surface. He suggested 
that the maria were produced as the result of 
the collapse of a giant dome of original crust 
after the release of inflating gases. The subsi- 
dence of the crust and the flood of basic magma 
over it formed the dark expanse of the maria 


continental masses. This idea is not new 


R Henseling ‘ 
1927. However, 


2. THE ORIGIN OF MARIA AND 
CONTINENTS 

Near the surface of our earth, the bright- 
coloured, light-weight siliceous mass differenti- 
ates from and floats above the dark and heavy 
basic mass. The latter forms the ocean basins 
and the former the continental mass blocks. 
Although the earth’s crust appears to be rigid, 
it behaves as though it were plastic in the 
geological time scale and in masses of conti- 
nental dimension. According to the principle 
of isostasy, the continental column is thick 
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beneath high mountain ranges, although the 
thickness is estimated to be not more than a 
few tens of kilometers. Under the basaltic 
layer, the andesitic mantle is believed to 
extend to great depth. Lava wells up from 
these layers through fracture systems. Earth- 
quake records indicate that andesite occupies 
the deeper layers and basalt the shallower. 

An inspection of the lunar surface suggests 
the same differentiation of silicic and basaltic 
masses as in our earth. However, owing to 
the weakness of gravitation and rapid cooling, 
the differentiation may not be so complete as in 
our earth. In fact, a great expanse of half tone 
area seen in the other side photograph taken 
by the Soviet Lunik III suggests incomplete 
differentiation. 

When the continental silicic mass is not thick, 
a bright silicic film may brush over the basic 
dark layer in some areas; in other areas the 
silicic mass may be dotted with configurations 
resembling isolated icebergs or a chain of ice- 
bergs blown together by the convection current 
in the basaltic magma. Meanwhile, the weak 


point of the continental crust may under ten- 


sion be pulled apart by the underlying dark 
basic magma which is exposed to form a dark- 
floored, walled plain, or a smaller mare with a 
circular boundary, such as Mare Crisium. 
Among the most impressive features in the 
maria are the so-called ghost craters, or buried 
craters, and craters with partly destroyed walls. 
These objects are often regarded as strong 
support for the theory that maria were formed 
by the great inundation of molten lava follow- 
ing subsidence. However, close examination of 
the lunar surface shows that there are great 
varieties of ghost craters. Some of them have 
light-coloured, sharp walls, while others have 
dark, low walls. In terms of the differentiation 
hypothesis, large ghost craters with low, dark 
walls were formed by the fluidal basic crust; 
the brighter objects are mostly produced of 
isolated silicic blocks, which may often be 
shaped complete or incomplete doughnuts 
affected by local convection pattern. 
In and around Mare Nubium, 
abundant ruined rings and ghost 


there are 
craters, 
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strongly suggesting that these areas were once 
invaded by a lava flow. Palus Epidemiarum 
is separated westwards from Mare Nubium by 
the long rampart extending from Cichus north- 
ward through Mercator and Campanus to 
Hippalus. The only possible strait of lava flow 
from outside is that from the southwestern 
border of Mare Humorum. But this strait is 
brighter in colour than the Palus and it is diffi- 
cult to believe that this was once the actual 
path of dark lava flow. On the other hand, no 
sign of a lava source is seen inside the Palus 
The floor of this Palus is rather smooth and no 
wrinkled ridges suggesting the direction of lava 
flow are seen. Capuanus, situated on the 
southern shore of this Palus, has a dark floor 
Its darkness is comparable to the base of the 
Palus. But the wall of this crater is complete, 
except for craterlets on the north, so that it is 
unlikely that molten lava intruded here. 
Throughout the lunar surface, most craters with 
dark floors are located along the shore lines 
These facts seem difficult to reconcile with the 
lava inundation theory. 

Palus Epidemiarum provides another inter- 
esting topic. A long cleft runs from the north 
wall of Capuanus westward (Neison’s Capuanus 
rill). It disappears when it meets the mountain 
range connecting Cichus with Mercator, but 
reappears in Mare Nubium and eventually 
reaches Hesiodus. The cleft might have origin- 
ated when the basaltic basin had been in a 
plastic state, but the solid silicic mountain 
range, floating on the basin, remained unaffec- 
ted. The behaviour of this cleft seems to 
favour the differentiation hypothesis. While 
our hypothesis is that the lunar maria are 
basaltic and correspond to our ocean basins, 
this not imply that maria were once 
covered with water: they may have been water- 
less oceans ever since the birth of the moon 


does 


3. WALLED PLAINS AND CRATERS 
As has been emphasized by J. E. Spurr, lunar 
geology is fundamentally different from ours. 
In addition to differences such as the smallness 
of surface gravity and the extreme tenuity of 
the atmosphere (even in the earliest lunar 
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period), the Moon’s surface features were 
formed during the course of the solidification 
of her crust. On our earth, however, the 
earliest features have been lost in the geologi- 
cal past by the ceaseless action of erosion and 
violent crustal movements. The terrestrial 
volcanic activity of today is the outflow of 
magma through the fissures of solid crust, and 
in this respect, our volcanoes are by no means 
the exact counterpart of lunar craters 

Plato is a walled plain with a dark, smooth 
floor. It is a giant crater, but a mere dwarf 
among maria. In fact, its dimensions are much 
smaller than circular maria such as Mare 
Crisium and Mare Humorum. In view of our 
hypothesis, Plato should be grouped with maria 
because of its dark basaltic floor. When the 
lunar surface was still in a semi-molten state, 
a convection cell in the underlying basaltic 
layer might have broken through the overlying 
silicic crust and exposed itself. Such an event 
would take place where the crust is not so thick, 
hence, near the shore lines 

The circular form and lofty cliffs along the 
shore line of Mare Cristum may be accounted 
for by the same process, provided the silicic 
layer was moderately thick in that area. On 
the other hand, Mare Humorum, which has no 
scarps, may be an example of a formation in 
thin silicic crust 

Goclenius, Magelhaens on the eastern border 
and many other objects on the northern border 
of Mare Foecunditatis are smaller than Plato, 
but they also show dark floors under a high 
sun. The continental crust is not thick in this 
region, and the basaltic layer might have been 
more frequently exposed. Besides the circular 
formation mentioned above, we find dark but 
irregular patches in the same area. This area 
may be called “marshy”. 

Walled plains and many other lunar craters 
are by no means explosive in origin. In fact, 
there are no explosions where the crust is still 
in a fluidal condition. A violent explosion 
takes place only after the crust has solidified 
and enormous pressure has accumulated within 
it. 


At the earliest stage of crustal solidification, 


local irregularities in the cooling process might 
have taken place. As is well known, the melt- 
ing point of magma is greatly reduced by its 
water content. A spot with a highly volatile 
constituent would have remained in a fluidal 
condition down to a comparatively later epoch 
and, after subsidence, finally fossilized as 
vertical cavities or craterpits. The importance 
of the role of a volatile constituent in crater 
formation should be emphasized in view of the 
rich cosmic abundance of light elements. We 
find typical pits of this type in the continent 
extending to the south-western quarter of the 
Moon. Craterpits thus formed would naturally 
take a circular form but they may often be 
affected by the mesh of cleft systems in the 
surrounding crust and might take a polygonal 
appearance. Polygonal craters are so common 
in lunar surface that some authors choose to 
speak of them as graben craters. 

The terrestrial counterpart of lunar craters 
may thus be sought for in calderas with the 
character of graben rather than volcanoes, 
namely, calderas with very large conduits, com- 
parable in dimension to the outer wall. On the 
Moon, these collapse calderas with very large 
conduits seemt common, but those like Wargen- 
tin with elevated floors are exceptional. This 
Suggests again that the lunar craters were 
formed before the crust is completely solidified. 

Walled plains with light-coloured floors, such 
as Clavius, may belong to collapse caldera pro- 
duced in the thick continental crust. Complex 
plaits or terraces seen on the inner wall of some 
craters may be the foot prints of successive 
steps of floor depressions. It must be noted, 
however, that lunar craters are not necessarily 
characterized by central mounds or craterlets. 
They are of secondary importance. Even for 
those which have central volcanoes, these vol- 
canoes do not supply the generating power of 
crater formation. 

Contrary to the earth’s surface, craters, not 
mountains, constitute the dominant feature of 
the lunar landscape. While there are moun- 
tains—the lofty mountain range surrounding 
Mare Crisium, the Apennines bordering Mare 
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Imbrium, Sovetsky mountain range — there 
seems to be no real orogeny on the moon. 

[he Taurus mountains, west of Mare Sereni- 
tatis, are quite different from the Apennines, 
presenting to the viewer the appearance of a 
slushy road. The mottling of semi-molten 
craters may be due to the brindled cooling of 
the crust. The highland extending south of 
Mare Crisium shows a similar landscape. In 
this region, depressions ate somewhat regularly 
arranged with superposed chains of calderas. 
When a chain of calderas is isolated, it may 


appear to be a valley, like Rheita. 


4. THE EXPLOSIVE NATURE OF SILICIC 
MAGMA 

It is well known that explosive activity is 
more common in volcanoes that eject silicic 
lava than in basaltic volcanoes. The explosive 
power of magma depends upon how much gas 
it contains. Lunar continents are crowded 
with innumerable craters and the volatile con- 
stituents of silicic magma must have played an 
important role in their formation. 

Basic magma contains lesser amounts of 
gases. It is denser and less viscous so that the 
condition in the maria is not so favourable for 
crater formation. Some of the so-called ghost 
craters with dark-colored, low walls may be 
counterparts of continental craters. The oldest 
craters, formed when the basin was still in a 
plastic state, are of large dimension and the 
surrounding walls are low. An_ interesting 
example is the large ghost crater situated south- 
west of Arago at the centre of Mare Tranquili- 
tatis. Its shadowy walls are almost 
indistinguishable from the neighbouring 
wrinkled ridges. Later products, formed after 
the basin acquired hardness, have reduced the 
dimensions of the crater and, at the same time 
the surrounding walls have become more 
conspicuous. 

The domes that abound in maria suggest the 
evolution of craterlets in the maria. Close 
examination reveals that most of these domes 
are equipped with a central pit. Giant domes 
near Arago in Mare Tranquilitatis have small 
pits, but those in Mare Nubium have pits that 
are comparatively larger and are easily detect- 
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able. These domes are seldom associated with 
fissure systems. Domes arranged in a sequence 
of increasing pit size appear to be genetically 
related to craterlets and suggest collapse caldera 
as the nature of isolated craterlets distributed 
at random in the maria. 

Let us now turn to the bright craterlets 
When mass blocks of high silicic content were 
spotted amid the ocean basin, such spots would 
often be unstable, leading to crater formation, 
because of high contents of volatile constituents 
Bright craterlets observed in the maria may 
have been formed in such a way. Another 
possibility is the violent outflow of deeper 
andesitic magma in a later stage, after the 
solidification of the ocean basin. 

Of course, we do not reject entirely the idea 
of the inundation of basaltic lava over the pre- 
existing craters in some areas. In fact, the 
anonymous crater due west of Delambre on the 
eastern border of Mare Tranquilitatis may be 
an example of this. However, one point must 
be raised against the lava flow hypothesis. A 
great lava flow would surely destroy many 
craterlets and might bury them entirely, leaving 
no trace of their existence. But even if we take 
this into account, present maria possess too 
few craters. Mare Nubium, for example, is 
covered with a comparatively thin lava layer: 
buried craters and irregular patches of bright- 
ness are seen clearly. But the number of such 
craters is few in contrast with the great crowd 
of craters in the adjacent continent extending 
southwards 

In summary, lunar craters may be classified 
in a basic two-dimensional array. The first 
co-ordinate is the chemical composition of the 
crust, namely, the relative abundance of sili- 
cates. The second co-ordinate is the plasticity 
of the crust or the epoch in the cooling period. 
Of course, metamorphism cannot be included 
in this scheme. 


5. RING PLAIN AND RAY SYSTEM 
After the advanced cooling of the lunar sur- 
face and solidification of the crust, the real 
volcanoes might have come into being. We see 


what appears to be lava flows and ejectamenta 
around Copernicus, Aristillus, etc., which are 
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characteristic of objects of this type but absent 
in other caldera-type craters. 

A full Moon photograph shows that lunar 
continents are dotted with bright craters. Most 
of them are small, and giants such as Tycho, 
Copernicus and Kepler are few in number. 
Under a high sun, they shine brilliantly, often 
accompanied by a mysterious ray system. The 
continental corridor surrounded by Mare 
Imbrium, Oceanus Procellarum and Sinus Roris 
is most spectacular. At full Moon, this area is 
dotted with numerous “stars”, contrasting 
sharply with the surrounding darkness of the 
maria. After D. Alter, they are called explosion 
craters. They may be ascribed to the explosive 
»wverflow of silicic magma, rich in gaseous con- 
stituents, through fissures or weaknesses in the 
crust The spectacular ray system radiating 
from the explosion crater is usually considered 
as emanating from the deposit of gases and 
cinders exhaled from volcanoes Such 
explosions might have been the final activity of 
the dying moon 

In comparing Copernicus with Aristillus, we 
find that the latter is darker and has no ray 
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system, but both show ejectamenta around 
them. The brightness difference may be 
attributed to the difference in the chemical com- 
position of the lava. The Aristillus lava may 
be more basic and hence less explosive. There 
is apparently less lunar orogeny and hence the 
supply of heat maintaining the volcanic activity 
must have declined rapidly. The lunar land- 


scape is in fact the product of the cooling 
period 
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RESEARCH NOTE 


Some comments on the penetration of whistlers 
through ionospheric layers 
(Received 22 January 1960) 


A paper" recently published in this journal 
contains some characteristic properties of 
whistlers. It was found that whistlers appeared 
in groups during periods of half an hour up to 
several hours—whistler situations. No whistlers 
occur between these whistler situations. As a 
rule in such situations, the number of whistlers 
generally amounts to three during observation 
periods of 5 min. On a day with intense 
activity, characterized as a “whistler storm”, 
groups of about twenty whistlers can appear 
during subsequent periods of 30 min. During 
periods between whistler situations total cessa- 
tion of whistlers occurred, sometimes extending 
over several days. The cause of these cessa- 
tions could possibly be that no thunderstorms 
of sufficient intensity occurred within the 
observation area. This was however not the 
case, as the mean level of the field strength 
values of lightning discharges in the area was at 
least as high as during active whistler situations. 

Another important fact was that a thunder- 
storm area located by a direction finder in a 
certain direction was accompanied by whistlers 
while a simultaneous thunderstorm area at 
about the same distance but in quite another 
direction was not accompanied by whistlers. It 
was also found that whistlers from a thunder- 
storm in a certain direction could cease while 
the thunderstorm was still going on. On the 
other hand, a whistler activity could start 
suddenly in a thunderstorm occurring in quite 
a different direction. These singularities of the 
appearance of whistlers observed during the 
thunderstorm season of 1958 have been fully 
confirmed during more extended not yet 
published investigations during the season of 
1959. 

Referring to these facts it seems necessary 
to present, if possible, the prevailing causes 
why whistlers are not generated in all thunder- 
storm situations. From our general experience 


of the mechanism of lightning discharges it is 
concluded that in all the thunderstorm situa- 
tions mentioned a considerable number of 
lightning flashes with the same qualities has 
been developed. Among these flashes there 
must exist discharge forms well fitted for the 
generation of low-frequency wave-packets 
around 5 ke which is especially favourable for 
the development of whistlers. When, in spite 
of these conditions, whistlers did not develop 
there must be some specific source of hindrance 
not within the proper thunderstorm atmosphere 
but located considerably higher up above the 
tops of the thunder-clouds in the ionospheric 
regions. 

Soon after our paper’ had issued, 
K. G. Budden published a_ theoretical 
analysis which may explain why whistlers can- 
not always penetrate the ionospheric layers. 
He applied the magneto-ionic theory on such 
irregularities in the ionosphere as are small 
compared with the wave-lengths of whistlers. 
The irregularities in one dimension were 
treated by statistical methods and the irregulari- 
ties in three dimensions by 
approximations. 

Budden’s conclusive remarks were that 
irregularities which in their extension are small 
compared with the wave-lengths of whistlers 
may play an important part and prevent the 
propagation of very low-frequency radio waves 
through the ionosphere. 

[he next radical research 
obviously be to investigate the mentioned 
irregularities experimentally. In this respect a 
very comprehensive recent publication’ dealing 
with the stratification in the lower ionosphere 
is of special interest. The authors recommen- 
ded electron profile measurements by rocket 
flights for detailed investigations of the iono- 
sphere. This method might result in some 
practical information of the existence of the 
theoretically treated small irregularities in the 
ionospheric layers. 


been 


successive 
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ERRATUM 


S. F. Sincer, Properties of the Upper Atmosphere and Their Relation to the 
Radiation Belts of the Earth, Planet. Space Sci. 2, Nos. 2/3, 165 (1960). 

An error occurring in the calculation of the concentration of hydrogen atoms 
has been corrected as follows. In Fig. 1, replace the values appearing there by the 
following Table, which is taken from a paper by E. J. Opik and S. F. Singer, Physics 
f Fluids, 1960, to be published.* 


Density Distribution of Hydrogen in the Earth's 
Exosphere for Various Temperatures of Space 


r/R 1250 1500 1800 3000 


1-000 100-00 100-00 100-00 100-00 
58:95 62 67:3 
1-250 303 34-75 38 45-9 
2.000 41 5-708 7 12:4 
3-333 0-96 1-108 44 
5-000 0347 0-252 


Note also that recent results by Tousey’s group at the Naval 
Research Laboratory have given a normalization for the 
atomic hydrogen distribution which fixes the concentration 
at the base of the exosphere at about 10* atoms cm 


